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The El Espino Iron Oxide Copper Gold (IOCG) mining district is located in the Coastal 
Cordillera of north-central Chile and includes the El Espino deposit which has a measured plus 
indicated geologic resource of 145 Mt @ 0.55% Cu and 0.22 g/t Au. Mineralized bodies are 
distributed in a 7 x 10 km
2
 area and range in geometry from single veins to stockworks and 
breccias to manto-type deposits. The ore bodies are hosted primarily by Early Cretaceous 
volcanic, volcaniclastic, and sedimentary units, with fewer mineralized zones within a Late 
Cretaceous multi-phase intermediate pluton. Hydrothermal alteration and mineralization was 
coeval with plutonism at 88 Ma. Both plutonism and hydrothermal alteration/mineralization were 
localized within a dilatational jog along a major transtensional north-south fault system that 
controlled the distribution of alteration and mineralization. 
Sodic alteration is the most extensive style of alteration in the district and is best 
developed at stratigraphically deep levels.  Sodic-calcic alteration is spatially more restricted and 
grades inward into a calcic alteration assemblage at intermediate levels, displaying a zoned 
pattern around the Late Cretaceous pluton. Potassic alteration is relatively restricted in extent and 
is not always spatially related to sodic, sodic-calcic, and calcic alteration zones.  Late hydrolytic 
alteration is concentrated in the middle and upper portions of the stratigraphis sequence while 
argillic alteration is restricted to the highest part of the alteration system.  Iron oxides and 
sulfides are largely confined to calcic and hydrolytic alteration assemblages. 
The fluids responsible for sulfide precipitation ranged in temperature from 350 to 425°C 
with salinities between 32 and 34 wt% NaCl equivalent.  Mineralization probably took place at a 
minimum depth of 3-4 km. Early high temperature fluids were magmatically derived while later 
hydrothermal fluids may have contained mixed meteoric fluids with marine-derived sulfate. 
The close spatial and temporal association of alteration zones with a plutonic suite 
suggests that plutons provided heat and contributed fluid and sulfur to the hydrothermal system. 
Lithogeochemical mass balance analyses indicate that early and deep alteration events leached 
elements that were fixed at later times higher in the stratigraphic sequence during the waning 
stages of hydrothermal alteration. 
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The aim of this project was to utilize the El Espino IOCG hydrothermal system to 
construct a 4-D (3 spatial dimensions and time) model of an Andean-type IOCG system. This 
project investigated regional variations in alteration mineralogy and styles, the structural controls 
on hydrothermal alteration and mineralization, and the source of metals and hydrothermal fluids. 
The specific project goals were to combine detailed field mapping and laboratory studies to 
document vertical and horizontal mineralogical and elemental variations in the hydrothermal 
system and establish hydrothermal fluid pathways.  Collection of well constrained samples from 
the field allowed determination of the timing of alteration and mineralization and to 
geochemically investigate whether elements in the hydrothermal mineral assemblages, such as 
Cu, Au, Ca, Na, K and Fe, were derived from broad-scale alteration of the host rocks. The results 
of this study should provide guidance for the exploration and discovery of similar types of 
deposits within arc-related environments around the world. 
The El Espino IOCG system is located within the Chilean Iron Belt in the Coastal 
Cordillera of northern Chile, approximately 240 km north of the city of Santiago (Figure 1.1). 
The El Espino system is located to the south of other known Chilean IOCG deposits, the most 
important being the Candelaria deposit which is a 339 Mt orebody grading 0.58 % Cu and 0.13 
g/t Au (measured and indicated resouces; FreePort-McMoran, 2011). The El Espino deposit and 
surrounding area (El Espino mining district) provides an ideal site to study the regional 
lithological, alteration, mineralization, structure and geochemical patterns related to a productive 
IOCG system. The El Espino district (~100 km
2
) displays excellent outcrop and large vertical 
extent of altered and mineralized rock. It also contains a number of Cu-Au veins which have 
been exploited since pre-hispanic times. The El Espino deposit at the southwestern margin of the 
El Espino district has been a target for exploration companies since the 1980’s who have 
systematically studied and drilled it. In 1998 an important zone of IOCG copper mineralization 
was intercepted and a manto-type deposit was identified within a volcano-sedimentary package. 
 2 
Further exploration has outlined up to nine manto bodies with a current measured plus indicated 
resource of 145 Mt @ 0.55% Cu and 0.22 g/t Au supported by 95,490 m of drilling in 498 
diamond and reverse circulation drill holes (Explorator Resources, 2011). 
 
 
Figure 1.1: Location of El Espino deposit in relation of other Chilean IOCG deposits. Two NS 
trending belts of ore deposits overlap along the Chilean Iron Belt: magnetite-apatite deposits and 
IOCG deposits.  
Methodology 
Project goals were achieved through a combination of detailed field mapping and laboratory 
studies. The project involved twenty two weeks of fieldwork in the El Espino district in Chile in 
2004 and 2005. Geological, structural, and alteration mapping were conducted throughout the 18 
x 14 km
2
 area at 1:20,000 scale concentrated on the time-space relationships of hydrothermal 
 3 
alteration and its relationship to mineralization. Additional information was gathered from 
mapping pits, underground adits, and from logging of drill core from the El Espino deposit. 
Nearly three hundred rock and drill core samples were collected for petrography and laboratory 
studies.  Petrography of samples collected during the fieldwork was performed at Colorado 
School of Mines using transmitted and reflected light microscopy and with scanning electron 
microscopy attached to an X-ray energy dispersive spectrometer.  
Laboratory studies involved lithogeochemistry, geochronology, fluid inclusions and 
sulfur isotopes. Major and trace element chemical analysis were performed at ALS Global 
Vancouver. Most rock samples (~100) were prepared at ALS Chemex Chile and analyzed in 
ALS Chemex Vancouver during 2004 and 2005. A selected set of twenty rock samples was 
prepared and analyzed at ALS Global Canada in 2008 and 2012.  Major and trace element 
geochemical analysis were performed on relatively unaltered samples of igneous and 
sedimentary rocks, together with hydrothermally altered and mineralized samples from 
throughout the district to investigate chemical changes associated with hydrothermal alteration. 
The geochemical data was analyzed using two mass balance methods, isocon analysis and molar 
element ratio analysis, to investigate element variations through time and space within the suite 
of rocks. Several samples (11) suitable for geochronological analysis were utilized to determine 




Ar step-heating techniques). 
Fluid inclusions were analyzed from quartz vein samples with the assistance of Jim Reynolds 
(FluidInc) in Denver to determine the conditions existing during the formation of the enclosing 
minerals. Sulfur isotope analyses were performed on sulfide and sulfate separates at Colorado 
School of Mines, with the assistance of John Humphrey, to determine the source of sulfur. 
Details on all the analytical procedures are included in the chapters that follow. 
Thesis Organization 
This thesis is organized in three papers. The first paper (Chapter 2) describes the geology, 
structure, alteration and mineralization of the El Espino district, establishes the relative timing of 
alteration and mineralization, and includes the results of fluid inclusions and sulfur isotope 
studies. This manuscript is in review at Mineralium Deposita, The second paper (Chapter 3) 
presents the results of the geochronological studies performed on the igneous host rocks and 
alteration minerals to determine the absolute timing of magmatism and hydrothermal alteration 
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in the district.  The third paper (Chapter 4) deals with chemical mass balances and describes 
element mobility through the different alteration stages within the suite of altered rocks. Chapter 
5 summarizes the important conclusions from this project.  
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CHAPTER 2 
VERTICAL VARIATIONS IN IRON OXIDE COPPER GOLD SYSTEMS: AN 
EXAMPLE FROM THE EL ESPINO MINING DISTRICT, CHILE 
Abstract  
The El Espino IOCG mining district is characterized by several mineralized bodies, the 
largest of which is the El Espino deposit. Mineralized bodies are distributed in a 7 x 10 km
2
 area 
and range in geometry from single veins to stockworks and breccias to manto-type deposits. The 
ore bodies are hosted primarily by volcanic, volcaniclastic, and sedimentary rocks of the Early 
Cretaceous Arqueros and Quebrada Marquesa formations, with a few mineralized zones within a 
Late Cretaceous dioritic to monzodioritic multi-phase pluton. The El Espino IOCG system was 
localized within a dilatational jog along a major north-south transtensional fault system. Sodic 
alteration (albite) is the most extensive style of alteration in the district and grades into to sodic-
calcic (epidote-albite) and calcic (epidote-actinolite) alteration assemblages. Significant iron 
oxides are associated with calcic alteration assemblages.  The upper portions of the alteration 
system display hydrolytic alteration assemblages with abundant hematite.   Hydrolytic veins are 
feeders to zones of manto-type alteration and mineralization within favorable volcano-
sedimentary lithologies. Sulfides are largely confined to calcic and hydrolytic alteration 
assemblages. Hydrothermal fluids had temperatures of approximately 425°C.  Sulfur isotopes 
suggest the early high temperature fluids were magmatically derived while later, cooler fluids 
included marine-derived sulfate. Iron oxide-copper-gold alteration and mineralization occurred 
coevally with local dioritic magmatic activity at ~ 88 Ma. 
Introduction 
Iron oxide copper gold (IOCG) deposits are magnetite- and/or hematite-rich 
hydrothermal systems with economic copper and gold. Their classification and genesis are still 
contentious (Groves et al., 2010; Pollard., 2006; Chiaradia et al., 2006; Williams et al., 2005; 
Sillitoe, 2003; Haynes, 2000; Hitzman, 2000; Barton and Johnson, 2000). Andean-type IOCG 
deposits, which are the youngest deposits of the IOCG class, formed in an extensional to 
transtensional tectonic regime within the Jurassic-Cretaceous magmatic arc along the convergent 
 6 
margin of the Central Andes (southern Peru to north central Chile). Andean IOCG deposits 
display variable morphologies and alteration styles and have a variety of relationships to possible 
causative intrusive rocks. The El Espino deposit located at 31°23’S in the Coastal Range of 
Northern Chile, is one of the southernmost known IOCG systems in Chile (Figure 2.1). 
Currently, the El Espino deposit has a measured and indicated total resource of 145 Mt @ 0.55% 
CuT and 0.22 g/t Au (Explorator Resources, 2011). The El Espino deposit is located at the west 
margin of a much larger mining district (El Espino mining district) that contains a number of 
small vein, stockwork, manto and irregularly shaped iron oxide-bearing copper-gold deposits 
within a mixed sequence of Mesozoic volcanic and sedimentary rocks cut by intermediate 
composition intrusions. The El Espino mining district has a vertical relief of approximately 1000 
meters allowing investigation of alteration and mineralization styles through a significant vertical 
section. This paper presents information on lateral and horizontal zonation of alteration and 
mineralization in the district, the structural setting of the mineralization, the relative ages of 
igneous and hydrothermal events, and the chemistry of the hydrothermal fluids inferred from 
petrographic and isotopic investigations. 
Methodology 
Geological, structural, and alteration mapping were done throughout the 70 km
2
 study 
area at 1:20,000 scale during 2004 and 2005.  Additional information was gathered from 
mapping pits and underground adits and from logging of drill core from the El Espino deposit 
(Figure 1.2). Field mapping and logging concentrated on establishing the time-space 
relationships and structural and stratigraphic controls of alteration and mineralization. Samples 
collected during the fieldwork were examined petrographically at Colorado School of Mines 
using transmitted and reflected light microscopy and with scanning electron microscopy attached 
to PGT Spirit analyzing system for X-ray energy dispersive spectrometry. Detailed petrography 
was conducted on samples for fluid inclusion analyses using the methodology of Goldstein and 
Reynolds (1994) at Colorado School of Mines. 
Major and trace element geochemical analysis were performed on relatively unaltered 
samples of volcanic rocks (7) and intrusive (13) rocks, together with hydrothermally altered and 
mineralized samples from throughout the district to investigate chemical changes associated with 
hydrothermal alteration. The samples were crushed and pulverized at ALS Chemex, La Serena, 
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Chile and then were sent to ALS Chemex, Vancouver, Canada for geochemical analyses. Whole 
rock analysis involved lithium metaborate/lithium tetraborate (LiBO2/Li2B4O7) fusion and 
analysis by ICP-atomic emission spectroscopy.  Trace element analysis was conducted by a 
combination of ICP-mass spectrometry and ICP-atomic absorption spectroscopy after four acid 
near total digestions. 
Eleven samples were selected for geochronological analysis. Crystallization ages were 
determined for two samples of relatively fresh igneous rocks and one of a volcanic rock using U-
Pb (zircon) geochronology by Laser-Ablation Multicollector ICP Mass Spectrometry at the 
University of Arizona using the methodology described in Valencia et al. (2005).  Alteration 





Ar geochronology at the Chilean Geological Survey (Sernageomin) using 
methodology described in Arancibia et al. (2006).  Selected minerals and standards were 
irradiated 12 to 24 hours at 5 MW in the Herald-type pool reactor of the Chilean Nuclear Energy 
Commission in Santiago, Chile. Neutron flux was measured using the Fish Canyon sanidine 
(Renne et al., 1994). Additional alteration ages were determined for one sample of hydrothermal 




Ar geochronology at the College of Oceanic 
and Atmospheric Sciences, Oregon State University (OSU). Samples were irradiated at the OSU 
TRIGA reactor for 6 hours at 1 MW power.  Neutron flux was measured using the Fish Canyon 
Tuff biotite standard (Renne, et al., 1994). Data were reduced with Ar-Ar CALC software 
(Koppers, 2002).  
Fluid inclusions were analyzed on three double-sided polished thick sections (30 
microns) from the Espino and Romero areas. The analyses were performed using a U.S. 
Geological Survey-style gas-flow heating/freezing stage mounted on an Olympus microscope 
equipped with a 40x objective (N.A. = 0.55) and 10x oculars. The heating and freezing stages 




C using synthetic pure H2O fluid inclusions and at -56.6
o 
C 
using synthetic CO2 fluid inclusions. Thermal cycling was used to bracket the liquid-vapor 
homogenization temperatures (Th) and melting temperatures (Tm) of the fluid inclusion 
assemblages.  
Sulfur isotope analysis was performed on pyrite (13), chalcopyrite (22), and gypsum (1) 
separates derived from micro drilling of core and rock samples across the district. Approximately 
25-100 μg (weight dependent on the mineral analyzed) of sample were combusted in a 
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Eurovector 3000 elemental analyzer at Colorado School of Mines, yielding sulfur dioxide that 
was delivered to a Isoprime mass spectrometer using continuous-flow techniques, with helium as 
the carrier gas. Repeat analyses of a lab working standard (Colorado School of Mines Barium 
Sulfate) yield a precision of 0.2 ‰. The isotopic data are reported using the δ notation in units of 
per mil, relative to the Cañón Diablo Troilite standard. 
 
 
Figure 2.1: Geological framework and location of Espino district. Regional map is simplified 
from the 1:1,000,000 scale Chilean Geological Survey map (Servicio Nacional de Geología y 
Minería, 2002).  Rectangle shows location of Figure 2.3. 
Tectonic and Geological Setting 




S in Chile is characterized by a Mesozoic-Cenozoic 
magmatic arc built mostly over a Late Paleozoic to Triassic accrecionary prism and arc along a 
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subducting margin. The Mesozoic Andean evolution was characterized by a Jurassic-Early 
Cretaceous magmatic arc accompanied by a sedimentary back-arc basin and an aborted marginal 
basin followed by a Late Cretaceous magmatic arc with a fold and thrust belt to the east (Figure 
2.2).  The Jurassic-Early Cretaceous magmatic arc comprised coeval inner and outer arcs 
developed in the present Coastal Cordillera and in the Chile-Argentina border, respectively 
(Mpodozis and Ramos, 1990). The El Espino deposit is located at the eastern margin of this inner 
magmatic arc.  
The Early Cretaceous was marked by an extensional regime, marine transgression, a 
decrease of plutonism in the Coastal Cordillera and extensive subaerial volcanism- with marine 
intercalations- associated with intra-arc rifting (Åberg et al, 1984; Vergara et al., 1995). The 
volcanic rocks are high-K, calc-alkaline to shoshonitic basaltic andesite to andesite. Strontium 
and neodymium isotopic studies suggest that the volcanic rocks and coeval intrusive rocks were 
derived from depleted mafic magmas and metasomatized subducted sediments with inclusion of 
partially melted Jurassic plutonic rocks (Morata and Aguirre, 2003). These rocks underwent high 
subsidence and low-grade burial metamorphism concurrent with extension-related plutonism 
(Levi and Aguirre, 1981; Parada et al., 2005).  
At approximately 100 Ma, the tectonic regime shifted from extensional to compressional 
between 32-33
o
 lat. S, resulting in crustal shortening, basin closures, eastward migration of 
magmatism and uplift (Arancibia, 2004; Parada et al., 2005). The change from extensional to 
compressional tectonics has been attributed by Arancibia (2004) to higher spreading rates in both 
the southeast Pacific and the south Atlantic (Wilson, 1992). Rapid uplift of the Coastal Range in 
this portion of Chile has been documented by apatite fission track data from Jurassic and Early 
Cretaceous plutonic rocks that cooled to approximately 80-125°C by 110-90 Ma (Gana and 
Zentilli, 2000; Parada et al., 2001).  
The Early Cretaceous Arqueros and Quebrada Marquesa formations were deposited in 
the Coastal Range region between 30° and 32°S. The Neocomian Arqueros Formation consists 
of lava, volcanic breccia, tuff, and agglomerate with lenticular intercalations of conglomerate, 
sandstone, and locally thin fossiliferous limestone. It has an estimated thickness of 3,500-4,000 
m and is interpreted to have formed near a continental margin with associated volcanic activity 
and recurrent marine transgressions (Aguirre and Egert, 1965). The Barremian to Albian 
Quebrada Marquesa Formation consists of mixed volcanic and sedimentary rocks (Aguirre and 
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Egert, 1965). The formation was subdivided in two members: the lower Espino Member and the 
upper Quelen Member (Rivano and Sepulveda, 1991). The Espino Member consists of 
limestone, siltstone, sandstone, and conglomerate with local gypsum lenses. Vertical and lateral 
facies variations of the Espino Member made it difficult to define a representative stratigraphic 
column. The Espino member is interpreted to have been deposited in relatively small marine to 
transitional basins with sea level variations (Rivano and Sepulveda, 1991). The Quelen Member, 
with estimated thickness of 1,200 m, consists of reddish colored volcaniclastic and sedimentary 
rocks including lava, pyroclastic breccia, and volcanically-derived sandstone and conglomerate. 
The Quelen member represents deposition in a continental environment accompanied by intense 
volcanism. 
Infill of basins in the Espino region continued into the Late Cretaceous with deposition of 
the Salamanca Formation (initially defined as the Viñita Formation by Aguirre and Egert (1965) 
but later included into Salamanca Formation by Rivano and Sepulveda, 1991). The Salamanca 
Formation is preserved from the Coastal Range up to the Main Cordillera and ranges in thickness 
from approximately 3,500 to 4,000 m. The formation is subdivided into two units: lower Santa 
Virginia Member and upper Rio Manque Member (Rivano and Sepulveda, 1991). The Santa 
Virginia Member consists of conglomerate and red, hematitic sandstone with minor siltstone and 
lacustrine limestone intercalations. These sedimentary rocks are interpreted to have been 
deposited as alluvial fans and debris flows with finer-grained sediments deposited in the basin 
center. The overlying Rio Manque Member consists of tuff and volcanic breccia; it represents 
deposition during a period of intense and explosive volcanism at the end of the Cretaceous 
(Rivano and Sepulveda, 1991).  
Cretaceous intrusions cover an area of approximately 3,000 km
2
 along the Coastal Range 
between 31° and 32°S (Figure 2.1).  This area contains three large plutonic bodies (Llahuin, 
Illapel-Caimanes, and Quilitapia-El Durazno) and a number of smaller bodies of similar 
composition (Rivano and Sepulveda, 1991). The plutons include diorite, tonalite, amphibole and 
pyroxene granodiorite, and amphibole monzodiorite. Potassium-argon geochronology available 
indicates that the Quilatapia-El Durazno pluton ranges in age from 134 to 108 Ma, whereas the 
Illapel Caimanes pluton ranges in age from 130 to 86 Ma and young to the east (Rivano and 





Figure 2.2 Tectonic setting in the Andes segment between 27 and 33
o
 lat S, showing the change 
from extentional to compressional tectonic regime at the end of the Early Cretaceous (modified 
after Mpodozis and Ramos, 1990). 
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El Espino District Geology 
The El Espino mining district contains the Cretaceous volcano-sedimentary Arqueros, 
Quebrada Marquesa, and Salamanca formations. Only the upper portion of the Arqueros 
Formation and the basal portion of the Salamanca Formation are exposed in the area (Figure 
2.3).  
 
Figure 2.3: Geological map of El Espino mining district, showing the location of the three 
mineralized areas that were examined in detail: Espino, Romero and Llahuin. 
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These formations are intruded by a series of Late Cretaceous intermediate stocks of 
granodioritic to dioritic composition (Llahuin pluton in the north-central area and Illapel-
Caimanes pluton to the south) (Figure 2.3). 
Stratigraphy 
The Arqueros Formation in the El Espino district has a minimum thickness of 1,500 m 
and consists of grey-greenish andesitic lava, andesitic breccia, and andesitic lapilli tuff with 
lenses up to 100 m thick of andesitic conglomerate, sandstone, siltstone, and limestone (Figure 
2.4). The unit displays a high degree of lateral facies variability. 
 
 
Figure 2.4: Cretaceous stratigraphy in the El Espino mining district showing the stratigraphic 
intervals of the Espino, Romero and Llahuin areas. 
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The Quebrada Marquesa Formation (Figures 2.3 and 2.4) displays a conformable contact 
with the underlying Arqueros Formation in the southern portion of the El Espino district but is in 
fault contact with the Arqueros Formation in the north.  The Quebrada Marquesa Formation 
consists of a mixed sequence of volcanic and sedimentary rocks. 
The Espino Member of the Quebrada Marquesa Formation is composed of continental to 
marginal marine volcaniclastic and sedimentary rocks. The marine sedimentary rocks of Espino 
member were deposited in a relatively small, structurally-controlled basin that is approximately 
13 km long in a north-south direction and approximately 5 km wide. The base of the Espino 
Member consists of a 5-10 m thick, well-stratified red andesitic conglomerate that grades upward 
into red greywacke beds, then siltstone, and finally limestone. This basal unit is overlain by two 
additional, normally graded sequences each with a base of sandstone that grades upward to 
siltstone, limestone, and local gypsum beds.  Greywacke is dominantly grey in color and is 
composed of feldspar, quartz, and lithic clasts of andesite. Sandstone is yellowish to pinkish in 
color and fine to coarse grained. There is complete gradation from volcanic-derived arkosic 
greywacke to feldspathic sandstone. Siltstone beds range from dark grey to yellow in color.  
Dark grey siltstone is locally organic rich with relatively abundant diagenetic pyrite. Limestone 
is thick bedded and commonly contains chert nodules. The largest gypsum bed in the district is 
100 m thick and has been mined over a strike length of 800 m (San Enrique mine). In the central 
portion of the district the sedimentary rocks within these sequences are intercalated with volcanic 
lavas, pyroclastic beds, and volcaniclastic sedimentary rocks. Volcanic and pyroclastic rocks 
include grey to green colored porphyritic lava flows with pyroxene and hornblende phenocrysts, 
lapilli tuff, and breccia. Major element chemistry of volcanic rocks indicates these rocks are 
medium- to high-K basaltic andesite to andesite (Figure 2.5).  The uppermost sequence in the 
Espino Member consists of inversely graded sandstone beds, with subsidiary limestone and 
siltstone. Sandstone is yellow to grey colored and fine to medium grained. Limestone beds are a 
few meters thick and commonly contain chert nodules. The thickness of the Espino Member is 
estimated to be approximately 900-1,000 m in the southern portion of the district and 
approximately 600 m in the northwest where it is truncated by the Llahuin pluton. 
The Quelen Member of the Quebrada Marquesa Formation is characterized by a several 
centimeter thick medium- to coarse-grained sandstone base that grades upward to a regionally 
extensive coarse conglomerate with clasts of well-rounded porphyritic andesite, andesitic 
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breccia, and phaneritic dioritic intrusive. The conglomerate is overlain by a thick greenish lapilli 
tuff of the Late Cretaceous Salamanca Formation.  
The Late Cretaceous Salamanca Formation (Figures 2.3 and 2.4) is in fault contact with 
the Quebrada Marquesa Formation in the El Espino mining district, although a few outcrops at 
higher elevations show an erosion unconformity between red conglomeratic sandstone of the 
Quelen Member and lapilli tuff of the Santa Virginia member of Salamanca Formation. In the 
study area, the Salamanca Formation contains a basal unit comprised of volcanic breccia and 
locally grey-colored, thin-bedded siltstone. Higher in the sequence, this formation contains red to 
gray polymictic conglomerate and red sandstone. 
 
 
Figure 2.5:  Plot of SiO2 vs. K2O (Tatsumi and Eggins, 1995) showing chemical compositions of 
volcanic rocks in the Arqueros and Quebrada formations.  Rocks are classified as medium- to 
high-potassium andesite and basaltic andesite. 
Intrusive rocks 
Approximately 30% of the El Espino mining district is underlain by intrusive rocks 
(Figure 2.3).  The northern portion of the study area exposes the large, multi-phase Llahuin 
pluton. The central portion of the area exposes a number of isolated diorite plutons and the 
southern portion of the area exposes the large multi-phase Illapel-Caimanes pluton.  
The Llahuin pluton comprises at least nine individual intrusions which are distinguished 
by texture and mineralogy. Three intrusions present in the El Espino deposit area include a 
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hornblende-bearing porphyritic dioritic stock and sills, an amphibole-bearing, fine-grained 
monzodiorite, and an equigranular, fine-grained hornblende and pyroxene-bearing diorite. At 
higher elevations north of the El Espino deposit a medium- to coarse-grained, equigranular 
quartz-dioritic to tonalitic intrusion is exposed. East of the El Espino deposit at low to medium 
elevations, a hornblende and pyroxene-bearing microdiorite intrusive, NS-strike dioritic dikes, 
and a NS-trending tabular body of leucomonzodiorite are present. Northeast of the El Espino 
deposit an equigranular, medium-grained, olivine and pyroxene-bearing gabbro diorite, an 
equigranular medium-grained quartz monzonite and a monzodiorite occur in topographically 
high areas.  
U-Pb geochronology on zircons from a weakly altered diorite from the Llahuin pluton at 
the El Espino deposit yielded an age of 88.5±1.7 Ma.  A quartz diorite from the Llahuin area in 
the northern portion of the district yielded an age of 88.1±1.1 Ma. 
Some of the dioritic intrusions have caused local contact metamorphism of adjacent 
volcano-sedimentary rocks. Biotite-pyroxene hornfels occurs adjacent to the Llahuin pluton. 
Locally andesitic breccias in the Llahuin area display a meter-wide metamorphic aureole 
composed of fine-grained recrystallized quartz with lesser magnetite and epidote adjacent to a 
quartz monzonite intrusion. 
Structure  
A fault architecture model of the El Espino mining district was developed by mapping 
topographic lineaments that were then field checked during geological mapping (Figure 2.6).  
Fault orientation data from outcrop show two principal strike sets: NNW-NS, and NE (Figure 
2.7).  Fault dips are mostly greater than 45° (Figure 2.7d).  Fault cores are mostly about 0.5 to 1 
m thick, but ranging up to 20 m thick and consist of matrix-supported breccia, gouge, and locally 
a penetrative cleavage.  Damage zones of fractured and locally folded rocks can be up to 150 m 
thick.  Analysis of slickenline rake (Figure 2.7d) shows that, although the majority of faults are 
strike-slip faults, oblique-slip and dip-slip fault also are present.  Multiple slickenlines on some 
major faults indicate a protracted faulting history. This is supported by the presence of 
hydrothermal alteration (specular hematite) and copper mines along NNW-strike faults that were 




Figure 2.6: Structural map of El Espino mining district showing faults and lineaments  in blue, 
folds in black, and veins in red.  The district is bounded on the west and east by major fault 
zones. 
 
The Quebrada Marquesa formation has a general NS trend and is bounded to the west by 
the Espino-Illapel fault that extends for ~20 km from near the city of Illapel to the El Espino 
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area.  Although the fault trends generally N to NNE, about 8 km south of the area this structure 
changes trend to NNW and becomes a set of right-stepping en echelon fault segments along the 
west boundary of the basin (Figure 2.3).  Within the basin, strata generally have low homoclinal 
dip to the NE, but are broadly folded in the southern portion. Boudinage structure in limestone 
and fine-grained sandstone units of the El Espino member suggest bedding-parallel extension 
during diagenetic compaction or during subsequent folding. Folds have EW trend in the east and 
NE trend in the west (Figure 2.6).  Near the southern edge of the basin, a broad open NE 
plunging anticline is present and strata dip to the E and SE. In addition, dips are locally steep 
where strata are drag folded within about 10 m of some major faults.  A -analysis, which 
modeled the average axis of rotation of bedding in the Quebrada Marquesa Formation (in this 
case caused by fault-block rotation), suggests that the eastern margin of the basin may be 
bounded by a NNW-strike fault (~350°) (Figure 2.7a).  A fault with this approximate strike, 
although not the basin margin fault, is present east of the Romero area (Figure 2.6). 
The Quebrada Marquesa strata are also cut by a set of NE-strike, left-stepping en echelon 
faults (Figure 2.3).  Most mineralized veins in the district, including those in the El Espino, 
Romero, and Llahuin areas, strike NS to ENE, and many are related to these NE-strike faults 
(Figure 2.7).  Veins are defined here as fractures with infill of more of 5 cm width, and veins that 
display a fault plane or fault zone with gouge and/or breccia are termed fault-veins.  Several 
types of veins were identified based on their ore and/or gangue mineralogy in the district, and 
include iron oxide-sulfide (with or without-quartz) veins, quartz-sulfide veins, and calcite- and/or 
barite-sulfide veins.  Iron oxide-sulfide veins are the most common followed by quartz-sulfide 
veins. Iron oxide sulfide veins range from 5 cm to 2 m in width, whereas quartz sulfide veins 
range from 5 cm to 1 m. 
In the El Espino deposit area, iron oxide-sulfide and quartz-sulfide veins occur in the 
Espino Member and intrusive units of Llahuin pluton. Orientations are variable but average 
~240°/75°; quartz-sulfide veins have a wider dispersion in orientation than iron oxide-sulfide 
veins (Figure 2.8). Veins frequently terminate at contacts with overlying limestone units, 
indicating that iron oxide and sulfide mineralization was focused immediately beneath these 
contacts. The wall rocks surrounding iron oxide-sulfide vein are commonly altered to calcic and 
hydrolytic assemblages depending on their structural level. The true width of the alteration zones 
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range from 20 cm to 5 m.  Wall rocks surrounding quartz-sulfide veins are altered to hydrolytic 
to argillic assemblages with widths ranging from 20 cm to 1 m.  
 
 
Figure 2.7: Lower hemisphere, equal area stereonets showing bedding and fault orientation data.  
A: Bedding poles in Quebrada Marquesa Formation excluding areas of drag folds near exposed 
major faults.  The average bedding orientation is ~000°/20°.  Fault rotation axis (-axis 
perpendicular to best fit great circle) is nearly horizontal and trends 350°-170°.  B: Pole density 













.  C: Major faults orientations shown as great circles. Slickenlines 
in faults are depicted as dots with arrows showing the relative motion of the hanging wall.  Black 
squares labeled 1, 2 and 3 are the instantaneous strain axes calculated by Faultkin program 
(Allmendinger et al., 2001) that correspond to 3, 2, and 1 principal stress axes, respectively, 
if minimal rotational strain is assumed.  D: Histograms showing dip of major faults (top) and the 
rake of major fault slickenlines (bottom). 
 
In the Llahuin area iron oxide-sulfide and quartz-sulfide veins occur in the Quelen 
Member of Quebrada Marquesa Formation.  Veins have an average strike of ~020°; quartz-
sulfide veins have an average dip of ~55° while iron oxide-sulfide veins are steeper with average 
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dip of ~90° (Figure 2.8).  Barite-sulfide veins occur in the Arqueros Formation and in the Espino 
Member of Quebrada Marquesa Formation. They are distal to the El Espino deposit area and 
have scattered orientations. 
 
 
Figure 2.8: Lower hemisphere, equal area stereonets showing vein orientation data. A. Poles to 
veins; Espino IOCG veins (black circle), Espino quartz-sulfide and calcite-quartz-sulfide veins 
(open circle), Romero IOCG (black  square), Romero quartz-sulfide veins (open square), Llahuin 
IOCG veins (black triangle), Llahuin quartz-sulfide veins (open triangle) and barite-sulfide veins 
(star). B. Pole density contours for 44 IOCG veins in the El Espino mining district; average 
IOCG vein orientation is ~210°/85°. C. Major veins orientations plotted as great circles with dots 
indicating slickenlines and arrows on the dots showing relative motion of the hanging wall.  
Numbers 1, 2 and 3 are the instantaneous strain axes calculated by Faultkin program 
(Allmendinger et al., 2001) that correspond to 3, 2, and 1 principal stress axes, respectively, 
if minimal rotational strain is assumed.  D.  Histograms showing dip of major fault-veins (top) 
and the rake of major fault-vein slickenlines (bottom). 
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In the Romero area, iron oxide-sulfide and quartz-sulfide veins occur mostly in the 
Quelen Member and have strikes ranging from NNW to NNE and averaging ~ 185°; dips of the 
veins average 65° (Figure 2.8). Vein density is higher in the Romero area (up to ~6/km) than in 
the Espino area (~3/km), where stockworks of specular hematite are a common feature related to 
major veins. 
Kinematic data indicate that the NNW- and NE-striking faults in the district had both 
dextral and sinistral strike-slip and normal and reverse dip-slip motion (Figure 2.7c).  Fault-vein 
kinematic data display dextral and sinistral strike-slip components, but all dip-slip components 
show normal fault motion (Figure 2.8c,d).  The orientations of the instantaneous principal strain 
axes were modeled from fault kinematic data using the Faultkin program (Allmendinger et al., 
2001).  The results (Figure 2.9) show near vertical shortening and NNW-SSE extension for the 
major faults and near vertical shortening and WNW-ESE extension for the fault-veins.  Although 
the results are only an approximation due to the likelihood of multiple faulting events, the 
models suggest that the fault architecture was established prior to mineralization during NNW-
SSE crustal transtension with a dextral component and that the fault-veins formed during 




Figure 2.9: Lower hemisphere, equal area stereonets showing fault plane solutions for A. major 
faults and B. IOCG fault-veins in El Espino mining district. Labels 3, 2, and 1 correspond to 







The overall geometry and kinematics of the faults and veins suggests the district contains 
a negative flower structure developed in a right-stepping jog locally along a major N-strike 
dextral fault system. This architecture also controlled the localization of later IOCG alteration 
and mineralization around the Llahuin pluton (Figure 2.10).  The Espino vein system formed 
mostly as NE-strike extension fractures and normal faults within the jog, whereas the Romero 
and Llahuin veins formed along the eastern N- to NNE-strike basin margin fault system.  The 




Figure 2.10: Proposed structural model for El Espino mining district.  A. Satellite image 
(Landsat 741) with lineament interpretation.  B. Fault jog model showing general orientation and 
location of veins (red) in El Espino (E), Romero (R), and Llahuin (L) areas.  Plutons shown as 
pink ellipses: d - Llahuin diorite and equivalents, g – dioritic pluton along southern margin of 
basin. 
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Alteration and Mineralization 
 The El Espino mining district displays a variety of different alteration types and styles 
(Figures 2.11, 2.12). The paragenetic sequence of alteration (Figure 2.11) was built based on 
crosscutting relationships between alteration minerals observed either in the field or 
petrographically with the microscope. An early sodic alteration event affected much of the 
district.  It was followed by sodic-calcic and potassic alteration events.  These alteration events 
are associated with iron oxide mineralization.  A later calcic alteration event was synchronous 
with copper sulfide mineralization.  The district displays a complex series of late hydrolytic 
alteration styles that also have associated copper and gold mineralization. 
 
 
Figure 2.11:  Paragenetic sequence of alteration minerals. Continuous lines represent a major 
phase, segmented lines represent a minor phase, and a dotted line represents a trace mineral. 
1st 2nd 1st 2nd 3rd Argillic
Albite ]]]]]]]]]]]]   b  b  b  b
Scapolite  b  b  b  b
Actinolite ] ] ] ] ] ]]]]]]] ] ] ]
Epidote ]]]]]]] b  b  b  b  b ]]]]] ] ]
Apatite   b  b  b  b 
Sphene b  b  b  b  b  ] ]
Garnet  b  b
K-feldspar ]]]]]]]
Biotite b ]]] b b
Chlorite b b ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]]]]]]]]]] ] ] ]
Sericite ] ] ] ]]]]
Illite     b  ] ] ] ]  b  b
Clays     b  ] ] ] ] ] ]
Quartz     b  b       b  b  b  b  b b  b  b  ]]]]]]] ] ]]]]]]b  b  b  b
Calcite        b  b  b  b  b  ] ] ]]]]]]]]]]
Barite b  b  b  b
Tourmaline b  b
Rutile   b  b  b
Magnetite b  b  b  b  b ] ] ] ] ] ]]]] ] ] ]
Specular hematite ] ] ] ]]]] ] ]  b  b  b  
Muschketovite   b  b  b 
Pyrite ] ] ] ] ] ] ] ]] ] ] ] ] ]  b  b 
Pyrrhotite   b  b
Arsenopyrite    b  b
Chalcopyrite   b  b ] ] ] ] ] ] ] ] ] ]  b  b  b
Chalcocite  b  b
Covelite  b  b
Bornite  b  b  b  b  b  b
Galena    b   b   b   b 
Gold b  b  b  b  b  b  b








Figure 2.12: Alteration map of El Espino mining district. 
 
Structural controls on alteration and mineralization 
The linear distribution of hydrothermally altered and mineralized zones in the El Espino 
district indicates a strong structural control.  The NNE-striking Lagarrigue fault forms a 
fundamental eastern boundary to the district with altered rocks occurring to the west but not to 
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the east of this fault.  Sodic hydrothermal alteration appears to have occurred between 
Lagarrigue and Illapel-Espino faults.  Major alteration zones are distributed along, or subparallel 
to, the NNW-striking to NE-striking faults in the district. Although the NNW-strike faults may 
contain iron oxides and sulfides, these faults rarely contain ore bodies. 
Many of the iron oxide- and sulfide-bearing veins in the district have a generally N to NE 
strike. At the El Espino deposit steeply dipping sulfide-bearing veins strike NE to NNE.  Similar 
veins in the Romero area also have a N- to NNE strike that extend upward into the Llahuin area. 
Vein density is higher at Romero and veins stockworks, commonly containing abundant specular 
hematite, are more prominent here than in other prospects.  The width and intensity of alteration 
around NE-striking faults and veins are commonly comparable to, or better developed than, 
alteration around the NW striking faults. 
The N to NE-striking fault-veins in the district are related to a transtensional stress 
regime during the prolonged hydrothermal event.  The strike of these structures suggests WNW-
ESE extension with an associated dextral component.   Calcic and hydrolytic alteration together 
with the majority of iron oxide and sulfide mineralization appear to be synchronous with this 
extensional structural event. 
The NW-strike Tamara fault (Correa, 2003) apparently post-dates both alteration and 
mineralization.  While it locally contains sericite, it is never mineralized.  Instead the fault 
appears to have acted as a conduit for meteoric waters that resulted in supergene alteration of 
sulfide-rich zones that it transects. 
Sodic alteration 
Sodic alteration affected a large portion of the El Espino district. It is best developed 
along a north-striking corridor from the Caimanes-Illapel pluton to the El Espino deposit.   The 
style and mineralogy of sodic alteration assemblages vary by rock type but generally resulted in 
the formation of albite (Figure 2.13a). Igneous rocks generally display pervasive alteration with 
complete replacement of plagioclase by albite and commonly wholesale destruction of igneous 
mafic minerals by chlorite. Veinlets of massive albite up to 1 cm in width are common in 
intrusive rocks.  Sedimentary rocks generally display selective replacement of fine-grained beds 
by albite or albite and chlorite.  In conglomerate and volcanic breccia albite replaces the matrix 
and/or forms rims around clasts.  
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Sodic-calcic alteration 
Sodic alteration assemblages were overprinted by sodic-calcic alteration assemblages of 
albite, epidote, actinolite, titanite, scapolite, and minor apatite. The area affected by sodic-calcic 
alteration is more restricted than that affected by sodic alteration.  As with sodic alteration 
assemblages, sodic-calcic alteration formed textural and mineralogical differences related to rock 
type. 
The most common alteration minerals are epidote, actinolite and albite. The most 
common mineral assemblages are epidote-albite, actinolite-albite, epidote-actinolite-chlorite-
albite-(-titanite), and actinolite-scapolite-albite (Fig 2.11).  Albite partially or totally replaces 
plagioclase. Epidote partially replaces the cores of plagioclase, pyroxene and hornblende 
crystals. Actinolite replaces hornblende and pyroxene. Volcanic rocks display pods of epidote 
grading outward to albite. Breccias and conglomerates show clasts replaced by intergrown 
epidote and albite, or surrounded by an albite rim. Thin-bedded siltstone and sandstone are 
altered to albite and epidote zones along bedding (Figure 2.14b). Some siltstone samples show 
irregular, <1 mm-wide epidote veinlets that cut across albite-altered beds to connect parallel 
epidote-altered beds. Intrusions contain epidote veinlets with albite selvages or pseudo-breccia 
textures formed due to irregular replacement of the rock by albite, actinolite and chlorite. 
Subhedral disseminated magnetite (1-5%) is commonly present in sodic-calcic alteration 
assemblages and it is often partially to totally martitized. Intense sodic-calcic alteration with 
scapolite is restricted to zones within the leucodiorite intrusion located in the Romero area. 
 
Figure 2.13: Outcrop photographs showing examples of alteration.  A. Sodic alterated rock as 
albite stockwork veinlets in quartz diorite from Caimanes-Illapel pluton. B. Sodic-calcic altered 




Potassic alteration assemblages, characterized by either biotite (Figure 2.14a) or 
potassium feldspar (Figure 2.14b) and usually containing magnetite, are present in the El Espino, 
Romero and Llahuin areas.  These assemblages are locally and weakly developed and/or highly 
affected by subsequent calcic and hydrolytic alteration. Subsequent alteration of potassic 
assemblages has commonly resulted in biotite altering to chlorite and potassium feldspar 
generally being replaced by sericite, clays and chlorite; potassium feldspar is more commonly 
preserved than biotite.  Potassium feldspar either replaces original plagioclase or replaces albite 
formed during earlier sodic or sodic-calcic alteration.  
 
 
Figure 2.14:  Photographs showing examples of potassic alteration;  K-spar= potassium feldspar, 
bt=biotite, chl-chlorite, mt= magnetite.  A. Hand sample of sandstone from El Espino  prospect 
with disseminated secondary biotite and magnetite alteration assemblage. B. Hand sample of 
andesite  from El Espino  prospect with K-feldspar and chlorite alteration assemblage. C. 
Photomicrograph (crossed polars) howing leucodiorite from Romero area replaced mostly by K-
feldspar and lesser epidote and biotite. Primary plagioclase is replaced by K-feldspar and biotite. 
D. Photomicrograph (crossed polars) showing secondary biotite replaced by chlorite. 
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Potassic alteration varies by rock type.  Volcanic and intrusive rocks affected by potassic 
alteration contain interstitial metasomatic potassium feldspar. In pyroclastic and sedimentary 
rocks, potassium feldspar partially or totally replaces albite either in the matrix or in previously 
altered fragments. Potassium feldspar alteration is selective, forming bands in thin bedded 
siltstone or rims around clasts. Locally, potassium feldspar has pervasively replaced all the 
primary minerals in clastic sedimentary rocks.  
The eastern side of Romero area displays extensive evidence of potassic and potassic-
calcic alteration. A conglomerate of the Quelen Member in the Romero area contains rounded 
pods (3-5 cm diameter) of epidote grading outward to interstitial pink potassium feldspar as 
haloes around the pods. Some pods have specular hematite in their centers. The least altered 
leuco-monzonite sample located at medium elevations in this area displays interstitial potassium 
feldspar (10% of the rock), disseminated magnetite, and ferromagnesian minerals that are 
replaced by actinolite and chlorite. A more altered sample displays secondary biotite and 
potassium feldspar. Potassium feldspar replaces plagioclase phenocrysts and is commonly 
intergrown with minor biotite, actinolite, epidote and/or chlorite (Figure 2.14c,d). Secondary 
biotite accompanied by disseminated subhedral magnetite was found deep in El Espino deposit. 
 
Calcic alteration  
Calcic alteration affected a northwest-trending area of approximately 25 km
2
 extending 
from the El Espino deposit to the Romero prospect (Figure 2.12). Calcic alteration mineral 
associations contain epidote, actinolite, and chlorite with lesser calcite, titanite and quartz and 
minor garnet in calcareous sedimentary rocks. The most common calcic alteration assemblage is 
epidote-actinolite or epidote-chlorite (Figure 2.15a). A first stage of calcic alteration is 
characterized by partial replacement in volcanic rocks and pervasive replacement in sedimentary 
rocks that locally obliterates their primary texture.  Calcic alteration epidote replaces igneous 
feldspar and mafic minerals and cuts hydrothermal albite, potassium feldspar, and biotite. 
Epidote occurs as both fine-grained anhedral aggregates and well-developed crystals up to 10 
mm in length. It occurs as veinlets, disseminations, or massive replacements of the rock.  
Actinolite occurs as acicular aggregates with crystal lengths averaging 0.5-1 cm, but ranging up 
to 5 cm; it is commonly disseminated but locally can pervasively replace host rocks. Chlorite 
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replaces igneous ferromagnesian minerals as well as hydrothermal actinolite and biotite.  Epidote 
and actinolite assemblages, sometimes with calcite, are accompanied by abundant magnetite or 
less frequently hematite (Figure 2.15b). These mineral assiociations may contain pyrite and 
chalcopyrite with minor bornite and covellite (Figures 2.15c, d).  Sulfides replace iron oxide 
minerals or form minute inclusions in quartz (Figure 2.15c, d).  Minor chalcopyrite, bornite, 
pyrite and native gold, together with acicular actinolite, were found in quartz grains around or 
within replacive epidote-actinolite pods. Chalcopyrite is either formed later as inclusions in 
idioblastic pyrite (Figure 2.15e) or as gradual and partial replacement of pyrite (Figure 2.15f). 
A second stage of calcic alteration is characterized by iron oxide- and sulfide-bearing 
veinlets with actinolite selvages that cut earlier calcic, sodic-calcic and sodic alteration 
assemblages. These veinlets range in width from 1 to 10 mm and contain actinolite, epidote, and 
quartz with either magnetite or specular hematite and pyrite and chalcopyrite. Specular hematite 
in some veinlets has been replaced by mushketovite (magnetite pseudomorphs of hematite).  
Many of the veins display actinolite selvages that are commonly 5 to 10 mm wide. Some 
actinolite selvages grade outwards to epidote with minor intergrown chlorite. 
Calcic alteration assemblages also occur in specular hematite-bearing breccias found at 
low elevations within the leuco-monzonite unit in the Romero prospect area. These breccias 
contain fragments replaced by albite, scapolite, potassium feldspar or quartz in a matrix of 
actinolite with specular hematite and disseminated chalcopyrite and pyrite. 
Hydrolytic alteration 
Hydrolytic alteration assemblages occur within hydrothermal breccia zones, around a 
mineralized manto body at El Espino deposit, and in veins (Figure 2.16 a, b).  Hydrolytic 
alteration assemblages contain variable amounts of quartz, calcite, sericite (illite and iron-rich 
muscovite), chlorite, iron oxide minerals, dominantly hematite, and sulfides (Figures 2.16 a to d); 
some hydrolytic assemblages contain minor rutile, and Na-Fe tourmaline.  Hydrolytic alteration 
assemblages contain the vast majority of sulfides in the El Espino mining district. 
Hydrolytic stage hydrothermal breccias are found at the El Espino, Romero and Llahuin 
areas.  These hydrothermal breccias contain fragments with muscovite replacing earlier formed 





Figure 2.15: Photomicrographs showing examples of calcic alteration assemblages; ab = albite, 
act = actinlolite, cal=calcite, epi=epidote, qz=quartz, hm=specular hematite, mt-magnetite, 
bn=bornite, cpy=chalcopyrite, py=pyrite. A. Conglomerate from Romero area replaced by 
actinolite and epidote overprinting earlier albite. B. Same conglomerate as A  showing actinolite, 
epidote, calcite and hematite (crossed polars). C. Conglomerate from Romero area showing 
quartz with inclusions of acicular actinolite crystals and opaques (crossed polars). D. Same as F, 
but with reflected light showing that opaques are bornite and chalcopyrite replacing hematite.  E. 
Mineralized sandstone El Espino area showing pyrite and chalcopyrite (reflected light). F. Pyrite 
and chalcopyrite replacing magnetite in siltstone from El Espino deposit pervasively altered to 










































Alteration zones adjacent to El Espino manto commonly contain a white mica-chlorite-
specular hematite assemblage. Both hydrothermal breccias and mantos are commonly 
overprinted by 1-2 cm wide veinlets of specular hematite, minor quartz, and chalcopyrite. 
Three stages of hydrolytic alteration/mineralization were recognized from cross-cutting 
vein relationships.  The earliest veins contain quartz and sulfides.  These are cut by veins 
containing hematite and sulfides with variable amounts of quartz (Figure 2.16d). The hematite-
sulfide veins have well to poorly developed selvages of white mica and chlorite. The latest veins 
are composed of quartz, calcite, and sulfides (Figure 2.16c). 
Hydrolytic alteration assemblages commonly contain chalcopyrite, pyrite, and specular 
hematite. Sulfides and hematite at the El Espino deposit occur in veins and within a manto within 
a favorable fine-grained volcaniclastic unit of the Espino Member. Pyrite and chalcopyrite are 
coexisting with chalcopyrite formed later replacing pyrite (Figure 2.16e, f). Minor amounts of 
bornite, galena, and hypogene chalcocite are present locally as replacements of chalcopyrite.  
Trace native gold is present as inclusions in chalcopyrite. 
Calcite veins and argillic alteration  
The final hypogene alteration and mineralization event in the Espino district resulted in 
the formation of calcite-barite-(quartz) veins that may contain chalcopyrite, pyrite, and/or galena. 
These veins have chlorite or clay selvages. Thick veins of this have been exploited by small 
miners for copper and locally silver, presumable hosted in the galena.  These veins are distal to 
the main zones of hydrolytic alteration and mineralization and are found at higher elevations in 
the Llahuin and north El Espino deposit areas. 
Supergene alteration and mineralization 
Weathering of sulfide-rich assemblages in the El Espino district has resulted in the 
formation of supergene copper oxides and limited amounts of supergene chalcocite.  Supergene 
alteration also resulted in the formation of clays.  Supergene alteration has been observed along 




Figure 2.16: Photographs showing hydrolytic alteration assemblages.; cal = calcite, chl = 
chlorite, cpy-chalcopyrite, hm=specular hematite, qz=quartz, py= pyrite, ser=sericite.A. 
Hematite-sulfide veinlet with chlorite selvages in sandstone from Romero area. B. Breccia within 
1 m wide vein in Romero area, showing massive chalcopyrite accompanied by chlorite and 
sericite and cut by hematite veinlet. C. Calcite-chalcopyrite veinlet in diorite from El Espino 
deposit overprinting specular hematite-sericite-chlorite-quartz veinlet. D. Veinlet in sandstone 
from El Espino deposit showing two stages of hematite, the first shows actinolite altered to 
chlorite and the second shows sericite, quartz and minor chlorite (reflected light).  E. Mineralized 
sandstone from Romero area showing chalcopyrite inclusions in pyrite (reflected light).  F. 






































Vertical and Lateral Distribution of alteration and mineralization 
Alteration assemblages in the El Espino mining district display a distinct vertical and 
lateral zonation (Figure 2.17).  Both the El Espino and Romero prospects contain areas at low to 
intermediate elevations that contain sodic alteration assemblages that have been overprinted by 
sodic-calcic, potassic, and calcic alteration assemblages. The generally high elevation Llahuin 
area contains well-developed hydrolytic alteration assemblages. Hydrothermal alteration was 
centered on high angle faults with alteration generally decreasing in intensity and complexity 
outward from these structures. 
Sodic alteration affected over one hundred square kilometers in the district. Sodic 
alteration was most intense along north-south- and NE-trending regional lineaments (Figure 
2.12). Sodic alteration is best developed at low elevations and only minor zones of sodic-altered 
rocks are found at higher elevations, primarily in the Llahuin area. 
Sodic-calcic altered rocks are spatially more restricted than sodically-altered rocks and 
cover an area of approximately 50 km
2
. Sodic-calcic altered rocks surround the Llahuin pluton 
and are present in structural zones within and between the Espino and Romero areas.  
 
Figure 2.17: Schematic EW cross section showing vertical distribution of alteration types in the 
El Espino mining district.  Note that intense calcic alteration was confined largely to mixed 
volcanic and sedimentary rocks adjacent to the mostly sodically and lesser potasically altered 
Llahuin pluton.  The location of the section is illustrated in figure 11. Mineral abbreviations: act= 
actinolite, chl=chlorite, hm-specular hematite, ser=sericite, tm = tourmaline. 
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Sodic-calcic altered rocks are best developed at low to medium elevations but extend to 
higher elevations in the Llahuin area and in the very far north of the district. 
Calcic altered rocks occur primarily in an area 5 km long by 2 km wide from El Espino 
deposit on the west to the Romero area on the east (Figure 2.12). Calcic altered rocks occur at 
low elevations in the El Espino deposit area and at medium to low elevations in the Romero area.  
While surface exposures of calcically-altered rocks contain minor specular hematite or 
magnetite, pyrite, and traces of chalcopyrite, deep exposures of this alteration type at the El 
Espino deposit contain zones of massive magnetite cut by specular hematite veins with locally 
significant amounts of pyrite and chalcopyrite. Actinolite is stable at temperatures over 300
o
C 
(Henley and Ellis, 1983). Early magnetite formation in quartz fluid inclusions at Manto Verde 
deposit occured around 435
o
C and reached up to 530
o
C (Rieger et al., 2012) suggesting that 
calcic alteration related to massive magnetite formation may have occurred at that similar range 
of temperature at El Espino district. Sulfide mineralization related to actimolite has been 
constrained to 500-300
o
C at IOCG Candelaria deposit (Marschik and Fontbote, 2001).  
Potassically-altered rocks occur as small zones both within and outside zones of sodic 
alteration (Figure 2.11). Potassically-altered rocks are found at both low (El Espino) and high 
(Llahuin) elevations. Extensive zones with hydrothermal potassium feldspar are common present 
within intrusions in the Llahuin area. Hydrothermal biotite accompanied by K-feldspar occurs 
deep at the eastern margin in the Roemro area. Hydrothermal biotite at the Romero prospect area 
appears to have been more widespread but was almost completely replaced by later calcic and 
hydrolytic alteration assemblages. Marschik and Fontbote (2001) have reported a range of 600-
500
o
C for potassic alteration at IOCG Candelaria deposit.  
Hydrolitic alteration assemblages are most common at medium to high elevations 
throughout the district.  Hydrolytic alteration is concentrated in veins that served as feeders for 
El Espino manto deposit.  Hydrolytic assemblages appear to change mineralogy with depth.  Iron 
oxide-rich hydrolytic veins at El Espino and Romero grade upward into quartz veins with little to 
no hematite at Llahuin.  At the highest elevations in the district veins are dominated by argillic 
assemblages and contain dominantly calcite and barite with minor argentiferous sulfides. Rieger 
et al. (2012) constrained the temperature of hematite formation related to hydrolytic alteration at 
Manto Verde to be around 335
o
C while they found that  late stage calcite veins formed from 




Age of alteration and mineralization 





Ar isotopic analysis of hydrothermal minerals (Table 2.1).   No 
minerals suitable for geochronology are present in either the sodic or sodic-calcic alteration 
mineral assemblages. Analysis of potassium feldspar, separated from an irregular calcite vein 
developed within a potassically-altered biotite-magnetite assemblage from deep within the 
Espino deposit, yielded an age of 86.09 ± 0.45 Ma (Table 2.1). Analysis of actinolite, from a 
calcic alteration veinlet containing chalcopyrite, actinolite, epidote and minor magnetite at the El 
Espino deposit, yielded an age of 88.4 ± 1.2 Ma (Table 2.1).  
 




Ar geochronology data for alteration ages. 
Sample Locality Material Age ± 2 σ Ma Type Alteration 
type 
ERD-6, 247.4  Espino Actinolite 88.4 ± 1.2 Inverse 
Isochron 
Calcic 
ERD-6, 128  Espino Sericite 87.9 ± 0.6 Inverse 
Isochron 
Hydrolytic 
ERD-6, 142.3  Espino Sericite 87.9 ± 0.6 Plateau Hydrolytic 
EDH-3, 246  Espino K-Feldspar 86.21 ± 0.41 Plateau Calcite vein 
Rab-01 Espino Muscovite 98.9±2.2 Inverse 
Isochron 
 Hydrolytic 
179682 Romero Muscovite 94.17±0.49 Total Fusion Hydrolytic 
172261 Llahuin Illite 91.71±0.47 Total fusion Hydrolytic 
 




Ar analyses of white 
micas. Analysis of white mica from a hematitic hydrothermal breccia in the Llahuin area yielded 




Ar total fusion age on white mica 
from Romero yielded an age of 94 Ma, and an isochron age on white mica from El Espino 
yielded an age of 98 Ma. These apparent ages must be considered suspect as they indicate 
hydrolytic alteration prior to potassic and calcic alteration, a finding that is in conflict with clear 
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cross cutting relationships observed in the field and petrographically. Analysis of white mica 
from a core sample with a hydrolytic quartz-sulfide veinlet at El Espino yielded an inverse 
isochron age of 87.9 ± 0.6 Ma (Table 2.1). White mica from a specular hematite veinlet at 





Ar geochronological results for alteration minerals suggest that hydrothermal 
alteration in the El Espino district is closely related in time to the period of igneous intrusive 
activity.  It also appears that hydrothermal alteration and mineralization may have been 
accomplished in a relatively short period of two to three million years. 
Sulfur isotopes of sulfides from calcic and hydrolytic alteration assemblages 
Sulfur isotopic analyses were performed on sulfide minerals collected from calcic, 
hydrolytic, and late calcite vein assemblages across the district.  Samples were acquired from a 
range of locations to investigate potential changes in sulfur isotopic composition vertically and 
laterally within the hydrothermal system. Gypsum from the Espino Member of the Quebrada 
Marquesa Formation was also sampled and yielded a 
34
S value of 12.4 ‰.  Diagenetic pyrite in 
sedimentary rocks of Espino Member yielded a 
34
S value of -7 ‰. 
Sulfides extracted from veins and rock replacements related to calcic alteration yielded 

34
S values between -4.0 and +2.4 ‰, with a mean value around -1 ‰ (Figures 2.18, 2.19).  
Sulfides within hydrolytic altered rock yielded 
34
S values between -4.4 and +6.2 ‰, with a 
mean value around 0 ‰ (Figures 2.18, 2.19). Copper sulfides-bearing veins lacking iron oxides 
yielded 
34
S values between -4.3 and +1.0 ‰, whereas sulfides from veins containing iron oxide 
minerals yielded slightly heavier 
34
S values of between -4.3 and +6.1 ‰. Sulfides within late 
stage calcite veins are distinctively light with 
34
S values between -4.8 and -9.7 ‰ (Figure 2.18). 
Although the sulfur isotopic values of pyrite and chalcopyrite in the calcic and hydrolytic 
assemblages overlap, there are slight differences in isotopic compositions. Pyrite values are 
generally heavier and range from -2.2 to +6.1, whereas chalcopyrite values range from -4.4 to 
+4.5 ‰. Some samples with coexisting chalcopyrite and pyrite have significantly different 
isotopic values suggesting that chalcopyrite formed by utilizing reduced sulfur in the 
hydrothermal fluid rather than incorporating sulfur from pre-existing pyrite (Ohmoto and 
Goldhaber, 1997). 
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Sulfur isotope compositions in sulfides of calcic stage assemblages are compatible with a 
magmatic sulfur source. Hydrolytic stage sulfur isotope ratios are generally heavier and suggest 
incorporation of sulfur derived from gypsum.  High temperature reduction of sulfate may have 
occurred during the convective circulation of reduced magmatic hydrothermal fluids through the 
gypsum beds of the Quebrada Marquesa Formation. Sulfur isotope ratios in the late calcite veins 




Figure 2.18: Sulfur isotope compositions of chalcopyrite and pyrite organized by alteration 
stages for calcic, hydrolytic, and calcite veins. Calcite veins sulfide correspond to chalcopyrite. 
Both sedimentary gypsum and diagenetic pyrite sulfur isotope compositions are also included for 
comparison. 
 
Sulfides in the district show a trend toward heavier sulfur isotope values with 
stratigraphic height in the Quebrada Marquesa Formation (Figure 2.20). The greatest variability 
of sulfur isotopic values occurs within the lower marine, locally gypsiferous sedimentary rocks 
of the Espino Member with 
34
S values ranging from -9.7 to +2.4 ‰, whereas the sulfides in the 
overlying continental conglomerate Quelen Member have heavier values of -2.7 to +6.2 ‰. 
These compositions suggest that isotopically heavy sulfur was contributed to the hydrothermal 



























Figure 2.19: Sulfur isotope compositions for pyrite and chalcopyrite in a) calcic and b) 
hydrolytic alteration assemblages. 
  
 
Figure 2.20: Sulfur isotope compositions organized by location and therefore, stratigraphic level. 
El Espino sulfides occur in the Espino Member, whereas Romero sulfides occur stratigraphically 
higher in the Quelen Member. 
 
Calculation of the precipitation temperature of coexisting chalcopyrite and pyrite in 
calcic alteration assemblages using the method of Ohmoto and Rye (1979) and Campbell and 
Larson (1998) yields temperatures between 529 and 280° C. Hydrolytic alteration sulfide yielded 

























Table 2.2: Estimates of the sulfur isotope fractionation temperature derived from sulfur isotope 
compositions of coexisting chalcopyrite and pyrite for each alteration type. T(
o















Scpy(‰) Alteration stage T (
o
C) 
Espino ERD6-236 -0.31 -1.01 Calcic 1
st
 stage 523 
Romero 179553 -1.58 -2.36 Calcic 1
st
 stage 486 
Espino ERD4-174 -1.43 -3.01 Calcic 2
nd
 stage 261 
Romero 179696 6.37 4.50 Hydrolytic 218 
Fluid inclusion studies 
Eight samples of quartz from veins with iron oxides and sulfides were surveyed for 
appropriate fluid inclusions.  Homogenization temperatures were collected only from 
assemblages of inclusions that showed consistent liquid to vapor volumetric proportions and that 
yielded consistent results (Goldstein and Reynolds, 1994).  Such assemblages of inclusions were 
very rare, perhaps because of overprinting of hydrothermal events with concomitant 
recrystallization of quartz and post-entrapment changes of the fluid inclusions. 
 A core sample from Espino deposit (ERD-6, 79.2 m depth), is a late calcic alteration 
stage quartz veinlet with intergrown hematite and chalcopyrite in an amphibole diorite host rock. 
The veinlet displays euhedral quartz with no evidence of quartz annealing (Figure 2.21), though 
the sample did contain many fluid inclusion assemblages (FIAs) with inconsistent liquid to vapor 
ratios. The FIAs measured were intimately associated with tiny specular hematite and acicular 
actinolite solid inclusions within quartz, and thus are deemed primary in origin. These primary 
inclusions contain transluscent salt crystals. Three FIAs yielded consistent homogenization 
temperatures (Th) between 280 and 295
o
C. Salinities were between 32 and 34 wt% NaCl 
equivalent. No other FIAs at higher Th were found in this vein sample. 
 A second core sample from a calcically altered siltstone deeper in the El Espino deposit 
(ERD-6, 236.8m depth) contains an actinolite and magnetite assemblage that is overprinted by a 
second alteration assemblage composed of calcite, quartz, mushketovite, chalcopyrite, sericite 
and chlorite. Euhedral quartz associated with the second calcic alteration assemblage is 
intergrown with acicular fibers of actinolite and contains growth zones along the margins of the 
vein. Liquid to vapor ratios were not consistent in these inclusions due to necking; 
however, salinities from these primary inclusions yield ~15wt % NaCl equivalent.  
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 Sample number 179689 is from an intermediate elevation north of the El Espino 
deposit.  This sample contains a mineral assemblage of quartz, pyrite, chalcopyrite, specular 
hematite, epidote, chlorite after actinolite, and sericite. Most FIAs show inconsistent liquid to 




 As there is no evidence of immiscibility in all samples surveyed, the Ths only provide a 
minimum temperature of formation conditions.  A pressure correction must be applied to get the 
true formation conditions.  Though the depth of formation is unknown, sample 179689 displays 
textures such as wispy inclusion texture and recrystallized quartz indicative of formation under 
lithostatic conditions (Reynolds, pers. comm.. 2012).  If a 350
o
C temperature is pressure 
corrected to 425
o
C (assuming that ductile deformation styles would occur at such temperatures 
under lithostatic load), then the pressure required would be roughly 700-1000 bars for a saline 
brine, corresponding to a minimum depth of formation of roughly 3-4 km, consistent with the 
estimated thickness of the Late Cretaceous lithostatic load (Salamanca Formation) in the area. 
 
 
Figure 2.21: Photomicrographs showing quartz growth zones with primary inclusions (a), and 
primary inclusions coexisting with acicular actinolite crustals within quartz growth zones (b). 
Conclusions 
The paragenetic sequence and structural/stratigraphic controls of alteration and 
mineralization are similar to those observed at a number of other Andean IOCG systems.  As is 
typical of many Andean systems (Sillitoe, 2003), an early large-scale sodic alteration event was 
followed by a complex series of sodic-calcic, potassic, and calcic alteration events which in turn 
a) b)
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were followed by a late, and generally high-level hydrolytic alteration stage.  As at a number of 
other Andean systems, sulfide precipitation in the El Espino mining district took place with 
calcic and hydrolytic assemblages. Unlike the Candelaria (Marschik and Fontbote, 2001) and 
Raul-Condestable deposits (de Haller et al., 2006) where the bulk of sulfides formed with calcic-
potassic and calcic alteration assemblages respectively, the majority of the sulfides currently 
observed at El Espino district deposits occur in late hydrolytic alteration assemblages. 
Iron oxides in the El Espino district display a general temporal trend from early magnetite 
associated with sodic, sodic-calcic, potassic alteration and early calcic to later hematite 
associated with calcic and hydrolytic alteration.  This overall change in mineralogy may reflect 
declining temperature of hydrothermal fluids through time or a progressive increase of the 
oxidation state of the fluids, perhaps due to fluid mixing with a more oxidized, meteorically 
derived fluid.  The presence of mushketovite with some calcic alteration mineral assemblages 
may reflect a late temperature increase during an overall cooling trend or a change to slightly 
more reducing conditions during an overall higher oxidation trend.  
The El Espino mining district appears to lack bodies of massive magnetite-apatite that are 
present at a number of Andean deposits including Manto Verde (Reiger et al., 2010) and the 
Marcona-Mina Justa deposits in Peru (Chen et al., 2011).  Such deposits may be absent or may 
be present below the current level of erosion. 
Hydrothermal fluid flow in the El Espino mining district was channeled along high angle, 
brittle faults and related extension fractures that developed in a right-stepping jog locally along a 
major north-striking dextral fault system.  Mantos were developed within the mixed volcano-
sedimentary sequence of the district, particularly beneath relatively impermeable limestone beds. 
Mineralized breccias along structures and particular beds are locally present in the El Espino 
district but are not well developed at the current level of erosion. Distal, hydrolytic and argillic 
stage calcite-barite veins with minor copper and silver are interpreted to represent the highest-
level expression of the hydrothermal system. 
Fluid inclusion evidence provides evidence of a minimum fluid temperature of 425° C 
and minimum depth of formation of 3-4 km. Sulfur isotopes suggest the early high temperature 
fluids were magmatically derived while later, cooler fluids included marine-derived sulfate.  
Although the source of the hydrothermal fluids remains enigmatic, the close spatial and temporal 
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association of well-altered zones with generally intermediate composition ~88 Ma intrusions 
suggests that these plutons could have provided both heat and fluids to the IOCG systems. 
The Andean IOCG systems in Chile generally become younger to the south. El Espino, 
with an apparent age of approximately 88 Ma, represents one of the youngest and southernmost 
systems yet defined. The relatively shallow level of erosion of the El Espino system compared to 
older systems farther north in Chile suggests that significant undiscovered deposits may exist in 
calcic-altered zones deeper within the system. 
 43 
CHAPTER 3 
GEOCHRONOLOGICAL CONSTRAINTS ON LATE CRETACEOUS MAGMATIC 
AND HYDROTHERMAL ACTIVITY IN EL ESPINO MINING DISTRICT, CENTRAL 
CHILE 
Abstract 




Ar geochronological data were obtained for the El Espino iron 
oxide copper gold (IOCG) mining district, Coastal Cordillera, Central Chile. A multi-phase 





Ar thermochronology on K-bearing alteration minerals, respectively. Two 





Ar ages show that the calcic stage of hydrothermal alteration in the district and 
hydrolytic alteration related to iron oxide copper and gold mineralization was synchronous with 
this magmatic activity. The new ages of the pluton and hydrothermal alteration are consistent 
with field relationships regarding the relative timing of emplacement and the sequence of 
alteration. This pluton probably provided heat and contributed fluids and sulfur to the 
hydrothermal system that produced the iron oxide copper and gold deposits.  
Introduction 
The El Espino IOCG district is located in the Chilean Coastal Cordillera, about 240 km 
north of Santiago and south of the larger Candelaria and Manto Verde IOCG deposits (Figure 
3.1). The district has been a target for exploration companies since the 1980’s and has only been 
identified as an IOCG system since the late 1990’s. Currently, the El Espino deposit has a 
geologic resource (measured and indicated) of 145 Mt @ 0.55% Cu and 0.22 g/t Au (Explorator 
Resources, 2011). The district contains a sequence of Cretaceous volcanic and sedimentary rocks 
intruded by a Late Cretaceous multi-phase pluton (Llahuin pluton). The district displays a spatial 
pattern of alteration zones and a sequence of alteration events that are typical of many iron 
oxide-copper-gold (IOCG) deposits (Lopez et al., in review). The alteration zones are distributed 
around the Llahuin pluton with the El Espino deposit located on the west margin of the pluton. 
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Crosscutting relationships between the volcanosedimentary sequence and the Llahuin Pluton 
have restricted the age of magmatism to the Late Cretaceous. There is no age constraint 
documented for the hydrothermal alteration in the district. Geochronological data have been 
documented only for intrusive units located to the south of the study area (Rivano and 
Sepulveda, 1991). The purpose of this work is to determine the age of magmatic and 




Figure 3.1: Geological framework between 31 and 32
o
 lat S, and location of the El Espino 
district. The regional map is simplified from the 1:1,000,000 scale Chilean Geological Survey 
map (Servicio Nacional de Geología y Minería, 2002).  The rectangle shows location of Figure 
3.2. 
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Tectonic and Geological Setting 
The tectonic framework of central-northern Chile during the Cretaceous is characterized 
by oblique subduction of the Nazca plate under the South American Plate. Between 30° and 33° 
S latitude the continental margin was dominated by arc volcanism currently exposed in the 
Coastal Cordillera, and back-arc marine sedimentation to the east that is now exposed in the 
Main Cordillera.  
During the Early Cretaceous, the area was characterized by voluminous subaerial 
shoshonitic to calc-alkaline volcanism with recurrent marine transgressions, followed by a period 
of regressive marine-transitional  sedimentation in basins formed by intra-arc rifting (Vergara et 
al., 1995). By the end of the Early Cretaceous, sedimentation shifted to continental and 
volcanism was reinitiated with more intense activity.   
The Early Cretaceous tectonic regime recorded on the west margin of the Coastal Range 
at 32
o
S was initially extensional and around 100 Ma shifted to compressional, resulting in crustal 
shortening and uplift (Arancibia, 2004; Parada et al., 2005). The Late Cretaceous tectonic regime 
recorded on the east margin of the Coastal Range was extensional, with coeval hydrothermal 
alteration and mineralization at the El Espino mining district (Lopez et al., in review). 
The Cretaceous volcanic and sedimentary sequences of the Coastal Cordillera underwent 
low-grade burial metamorphism concurrent with extension-related plutonism (Parada et al., 
2005).  Morata and Aguirre (2003) documented that the volcanic rocks and coeval intrusive 
rocks were derived from depleted mafic magmas and metasomatized subducted sediments with 
inclusion of partially melted Jurassic plutonic rocks.  
Cretaceous intrusions in the region comprise three large plutonic bodies (and a number of 
smaller bodies) known as the Illapel Superunit (Rivano and Sepulveda, 1991) that range in age 
from 134 to 86 Ma (K-Ar) and young to the east (Rivano and Sepulveda, 1991).  
Geology of El Espino Mining District 
The geology of El Espino mining district is characterized by Cretaceous volcanic and 
sedimentary units of the Arqueros, Quebrada Marquesa and Salamanca formations. The 
Neocomian Arqueros Formation with an overall thickness of 3,500-4,000 m consists of lava, 
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volcanic breccia, tuff, and agglomerate with lenticular intercalations of conglomerate, sandstone, 
and locally thin fossiliferous limestone (Rivano and Sepulveda, 1991). 
 
Figure 3.2: Geological map of El Espino mining district 
 
The Quebrada Marquesa Formation (Barremian-Albian) consists of mixed volcanic and 
sedimentary rocks, and is subdivided in two members, the lower Espino Member and the upper 
Quelen Member (Rivano and Sepulveda, 1991). The Espino Member consists of limestone, 
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siltstone, sandstone, and conglomerate with local gypsum lenses that display complex vertical 
and lateral facies variations. The Quelen Member, with an estimated thickness of 1,200 m, 
consists of reddish colored volcaniclastic and sedimentary rocks including lava, pyroclastic 
breccia, and volcanically-derived sandstone and conglomerate (Rivano and Sepulveda, 1991). 
The Late Cretaceous is represented by the 3,500 to 4,000 m thick Salamanca Formation, and is 
subdivided into the lower Santa Virginia Member and the upper Rio Manque Member (Rivano 
and Sepulveda, 1991). The Santa Virginia Member consists of conglomerate and red, hematitic 
sandstone with minor siltstone and lacustrine limestone intercalations. The overlying Rio 
Manque Member consists of tuff and volcanic breccia (Rivano and Sepulveda, 1991).  
Approximately 30% of the El Espino mining district is underlain by plutonic rocks which 
intrude the volcanic and sedimentary formation (Figure 3.2). The large, multi-phase Llahuin 
pluton is exposed in the northern portion of the district and the multiphase Illapel-Caimanes 
pluton occupies much of the southern portion of the district. 
The Llahuin pluton consists of at least nine individual intrusions which are distinguished 
by both composition and texture. No contact between intrusive units was exposed in the district. 
Most of the intrusions are classified (based on Middlemost, 1985) as diorites, although 
monzonites and gabbro diorites also are present. Intrusions do not show any fabric but become 
fine-grained toward the contact with the host rocks and contain small rounded enclaves.  
The area around the El Espino deposit contains pyroxene-bearing porphyritic gabbro, 
diorite sills, an amphibole-bearing medium-grained diorite, and an equigranular fine-grained 
hornblende- and pyroxene-bearing diorite. A medium- to coarse-grained, equigranular dioritic to 
quartz-dioritic intrusion is exposed at higher elevations to the north of the El Espino deposit. 
This unit contains small (<5 cm diameter) rounded enclaves of dark fine-grained diorite. East of 
the El Espino deposit at low elevations, a hornblende- and pyroxene-bearing fine-grained diorite 
intrusive is present together with north-striking dioritic dikes and a north-striking tabular body of 
leucomonzonite. Northeast of the El Espino deposit an equigranular, medium-grained, olivine- 
and pyroxene-bearing diorite, an equigranular medium-grained quartz monzonite, and a 
monzonite occur in topographically high areas. To the east and southeast of El Espino, NS strike 
dikes crop out. They mostly consist of pyroxene-amphibole microdiorites and diorites with few 
amygdules along the edges.  
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Some of the dioritic intrusions display metamorphic aureoles in adjacent wallrocks from 
centimeters to several meters in width. Biotite-pyroxene hornfels occurs adjacent to the Llahuin 
pluton at high elevations and hornfels with fine-grained garnet, quartz, and magnetite occurs 
adjacent to diorite sills lower at the El Espino deposit. 
Structure 
The Quebrada Marquesa formation in the study area has a general NS trend and is 
bounded to the west by the major N-NNE trending Espino-Illapel fault and to the east by both 
the NNE-trending Lagarrigue fault and the NNW-trending Romero fault. The Espino-Illapel fault 
extends for ~20 km from near the city of Illapel to the El Espino area. Although the fault strikes 
generally N to NNE, about 8 km south of the area this structure changes strike to NNW and 
becomes a set of right-stepping en echelon fault segments along the west boundary of the basin 
(Figure 3.2). The Lagarrigue fault extends for ca. 10 km from the old Lagarrigue train station to 
Romero area in the south. The NNW-trending Romero fault extends for 1 km from the Romero 
area to the north across the Llahuin area. Another major fault zone, the Tamara fault, strikes NW 
across the mining district and seems to crosscut NE faults and mineralized rocks.  
Within the Quebrada Marquesa Formation, strata are generally homoclinal with low dip 
(0-20
o
) to the NE, but are broadly folded (trending EW and NE) in the southern portion of the 
basin and drag folded near major fault zones in the north.  
Most second order faults in the district strike NNW-NS or and NE (Figure 3.2) with 
evidence of strike-slip displacement, although some faults show a protracted faulting history 
(Lopez et al., in review). NE-strike faults form a left-stepping en echelon array between two 
major NS fault zones, Espino-Illapel and Lagarrigue (Figure 3.2). NNW-strike faults form a 
right-stepping en echelon array at the north end of Espino-Illapel fault. Most mineralized veins in 
the district strike NS to ENE, and many are related to NE-strike faults (Figure 3.2). Several types 
of veins were identified based on their ore and/or gangue mineralogy in the district, and include 
iron oxide-sulfide (with or without-quartz) veins, quartz-sulfide veins, and calcite- and/or barite-
sulfide veins. Iron oxide-sulfide veins are the most common followed by quartz-sulfide veins. A 
more complete description and analysis of faults and veins is documented by Lopez et al. (in 
review). 
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The overall geometry, kinematics and relative timing of the faults and veins suggest that 
the district contains a negative flower structure developed in a right-stepping jog locally along a 
major N-strike dextral fault system. This architecture also controlled the localization of 
magmatism and IOCG alteration and mineralization around the Llahuin pluton. 
Alteration and mineralization 
Alteration assemblages throughout the district display a coherent paragenetic sequence 
defining six alteration stages: sodic, potassic, sodic-calcic, potassic-calcic, calcic and hydrolytic 
(Lopez et al., in review) (Figure 3.3). These alteration stages display a distinct vertical and lateral 
zonation in the district. Areas located at low elevations (900-1,400 m) within the hydrothermal 
system, such as the El Espino deposit area, dominantly display sodic and locally potassic 
alteration mineral assemblages that were overprinted by sodic-calcic, potassic-calcic, calcic and 
hydrolytic alteration assemblages. Prospects at medium elevations (1,400-1,800 m) contain 
potassic-calcic, calcic and hydrolytic alteration assemblages. Hydrolytic alteration assemblages 
are well developed at medium to higher elevations (1400-1,900 m), although previous sodic and 
potassic and calcic assemblages are also found locally. Hydrolytic assemblages are developed in 
relatively narrow halos along faults and veins. 
An early sodic alteration (albite/albite-chlorite) event affected much of the district and 
was centered around and in part of the Llahuin pluton. Sodic alteration was followed by more 
spatially restricted potassic (K-feldspar-biotite) alteration. Later sodic-calcic (albite-epidote) and 
less well-developed potassic-calcic (K-feldspar-actinolite-epidote) alteration assemblages are 
recognized throughout the district grading inward to an apparently later calcic (actinolite-
epidote) alteration assemblage. Calcic alteration assemblages contain significant amounts of iron 
oxide and sulfide minerals. The final economically significant alteration event in the district 
produced a hydrolytic alteration assemblage dominated by sericite-illite, chlorite, and quartz with 
iron oxides, sulfides, and gold. Hydrolytic assemblages occur within and along veins that were 
largely controlled by high angle brittle faults.  
Iron oxides in the El Espino district display a general temporal trend from magnetite in 
the early calcic alteration stage to hematite associated with later calcic and hydrolytic alteration 
stages. Significant amounts of copper and gold were first precipitated during the calcic alteration 
stage and continued to be deposited through the hydrolytic alteration stage. 
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Figure 3.3: Paragenetic sequence of alteration minerals determined from megascopic cross 
cutting relationships and detailed petrography (modified from Lopez et al., in review). The 
continuous lines represent a major phase, segmented lines represent a minor phase, and a dotted 
line represents a trace mineral. 
U-Pb zircon geochronology 
U-Pb zircon geochronology was utilized to determine the age of volcanism and 
magmatism in the El Espino district. 
Methodology 
Two samples of diorite from the Llahuin pluton and one andesite from the El Espino 
member volcanic unit were selected for U-Pb zircon dating at the LaserChron lab, University of 
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Arizona, Tucson, Arizona. Operating procedures and parameters are described in Valencia et al. 
(2005), and the method is briefly described here. Analytical data is included in Appendix A. 
Zircon crystals were analyzed in polished epoxy grain mounts with a Micromass Isoprobe 
multicollector ICP-MS equipped with nine Faraday collectors, an axial Daly collector, and four 
ion-counting channels. The Isoprobe is equipped with an ArF Excimer laser ablation system, 
which has an emission wavelength of 193 nm. The collector configuration allows measurement 
of 
204











simultaneously measured with Faraday detectors. All analyses were conducted in static mode 
with a laser beam diameter of 35 µm, operated with output energy of ~32 mJ (at 23 kV) and a 
pulse rate of 8 Hz. Each analysis consisted of one 12-second integration on peaks with no laser 
firing and twenty 1-second integrations on peaks with the laser firing. The ablated material is 
carried with helium gas into the plasma source. Hg contribution to the 
204
Pb mass position was 
removed by subtracting on-peak background values. Inter-element fractionation was monitored 
by analyzing an in-house zircon standard (Valencia et al., 2005), which has a concordant TIMS 
age of 564 ± 3.2 Ma (2σ) (Gehrels et al., 2008). The lead isotopic ratios were corrected for 
common Pb, using the measured 
204
Pb, assuming an initial Pb composition according to Stacey 













Pb. U-Pb zircon crystallization ages were estimated and plotted using Isoplot 3.0 
(Ludwig, 2003). 
The uncertainty of the age is determined as the quadratic sum of the weighted mean error 
plus the total systematic error for the set of analyses. The systematic error, which includes 
contributions from the standard calibration, age of the calibration standard, composition of 
common Pb, and U decay constants, is generally ~1-2% (2-sigma). 
Sample description 
Samples from two different large intrusive units of the Llahuin pluton and one sample of 
andesite from the El Espino member of Quebrada Marquesa Formation were selected for U-Pb 
geochronology (Table 3.1). Sample 172401 is an almost unaltered phaneritic, equigranular, 
medium-grained, hornblende-quartz diorite collected from a 2 x 4 km
2
 unit located 6 km north of 
the El Espino deposit. This unit was affected by weak to locally intense sodic-calcic alteration. 
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Hornblende (20%) in the sample is euhedral to subhedral and displays very weak alteration to 
actinolite and chlorite. The sample also contains minor magnetite. 
  Sample 179587 is a dark gray colored, phaneritic, fine- to medium-grained, 
inequigranular hornblende diorite with hornblende megacrystals up to 2 cm in length. It was 
collected approximately 2 km southeast of the El Espino deposit from a 3 x 3 km
2
 diorite stock. 
The diorite contains minor magnetite, and accessory zircon and sphene. The sample is weakly 
altered with some plagioclase showing partial to total replacement by epidote and minor sericite 
along twinning planes; hornblende is weakly and partially altered to actinolite and chlorite. 
Sample 179584 is a volcanic microcrystalline andesite composed of plagioclase 
microliths, amphibole and minor pyroxene. It was collected 2.5 km north of the El Espino 
deposit from the Espino member volcanic unit and is believed to represent a lava dome. 
Amphibole in the sample is partially altered to actinolite and chlorite, and plagioclase microliths 
show sericite alteration. Metasomatic potassium feldspar and quartz replace interstitial spaces.  
Results 
Sample characterization, location and U-Pb ages are summarized in Table 3.1. Analytical 
data is included in Appendix A and U-Pb weighted average ages are shown in figures 3.4 and 
3.5. 
 
Table 3.1: Sample location, characterization and U-Pb age determinations. 
Sample Location UTM coord Rock Unit Description Age (Ma) ± 
Error (2σ) 
179587 Espino deposit N 6526115 
E 302279 
Llahuin pluton Amphibole 
diorite 
88.5±1.7 Ma 




Llahuin pluton Amphibole 
quartz diorite  
88.1±1.1 Ma 













The two intrusive samples, 179587 and 172401, were analyzed to constrain the age of 





U age of 88.5±1.7 Ma (n = 28, MSWD = 0.081; Figure 3.4a), and the quartz 
diorite sample 172401 yielded an age of 88.1±1.1 Ma (n = 31, MSWD = 0.84; Figure 3.4b). Both 
results are interpreted as crystallization ages for these intrusions and are identical within error. 




U age of 97.6 ± 1.5 Ma (n = 12, 
MSWD = 0.91; Figure 3.5). This is interpreted as a crystallization age for this volcanic unit and 
it is significantly older than the Llahuin pluton. 
 
Figure 3.4: Weigthed average plots for a) Punta del Viento quartz diorite (sample 172401) and b) 
Espino diorite (sample 179587). Each bar represents a zircon age determination with its 
associated error 
 



















































Mean = 97.6 1.5  [1.6%]  95% conf.
Wtd by data-pt errs only, 0 of 12 rej.
MSWD = 1.2, probability = 0.26
(error bars are 2)









Ar termochronology was utilized to determine the age of hydrothermal alteration 
in the El Espino deposit and greater district. 
Methodology 




Ar laser step heating analysis. Separates of 





geochronology at the Chilean Geological Survey (Sernageomin) using methodology described in 
Arancibia et al. (2006).  X-ray diffraction (XRD) analyses by PANanalytical X’pert PRO 
equipment were undertaken to the rock samples before mineral separation at Sernageomin. Then, 
mineral separates together with standards of Fish Canyon sanidine (Renne et al., 1994) were 
irradiated 12 to 24 hours at 5 MW in the Herald-type pool reactor of the Chilean Nuclear Energy 
Commission in Santiago, Chile. The samples were analysed by incremental heating by fusion 
with a CO2 laser and gases were analysed by a high resolution MAP 215-50 mass spectrometer.  
Additionally, one sample of hydrothermal K-feldspar and two samples of sericite were analyzed 
at the College of Oceanic and Atmospheric Sciences, Oregon State University (OSU). These 
samples were irradiated at the OSU TRIGA reactor for 6 hours at 1MW power. Neutron flux was 
measured using the Fish Canyon Tuff biotite standard (Renne et al., 1994). Gases were extracted 
from the samples by incremental heating by fusion with a CO2 laser and analysed by a high 
resolution MAP 215-50 mass spectrometer. Data were reduced with Ar-Ar CALC v.2.4 software 
(Koppers, 2002). 
Sample description 
Three samples were collected from outcrops and four samples from drill-cores, 
representative of the different alteration stages in the El Espino (Table 3.2). 
Sample ERD-6 247 m is a diorite rock that displays a 1 to 1.5 cm wide vein with 2 cm 
wide selvages. The vein is filled with a calcic assemblage of fibrous actinolite, epidote, chlorite 
and calcite accompanied by abundant pyrite, chalcopyrite and minor magnetite. XRD analysis 
confirmed the presence of actinolite and identified riebeckite, epidote, chalcopyrite and 
sphalerite in the sample. 
 55 
Sample ERD-6 128 m is a diorite rock cut by a 2 cm wide specular hematite (-calcite) 
vein with a 3 cm wide hydrolytic selvage of sericite with lesser chlorite and quartz. XRD 
measurement confirmed the presence of sericite as well as clinochlore, montmorillonite, calcite 
and quartz in the sample. 
Sample ERD-6 142 m is a fine grained sandstone that was pervasively altered to a 
hydrolytic assemblage comprised of sericite, calcite and chlorite with minor specular hematite 
and disseminated chalcopyrite and pyrite. XRD analysis confirmed the presence of muscovite as 
well as chlorite, quartz and calcite in the sample.  
Sample EDH-3 246 m is a hornblende-bearing diorite that was pervasively altered to a 
potassic assemblage dominanted by biotite. The rock also contains hydrothermal magnetite, 
ilmenite, chlorite, albite, quartz, apatite, and rutile.  
 
Table 3.2: Summary of sample location and characterization.  Samples ERD-6 247, ERD-6 128 
and Rab-01 were analyzed at Sernageomin in Chile, and samples EDH-3 246, 172261 and 
179682 were analyzed at Oregon State University. 
Sample Location Rock 
unit 
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Sample Rab-01 is a basaltic andesite with intense hydrolytic alteration that was collected 
2 km north from Espino deposit from the selvage of a major iron oxide-copper sulfide vein. The 
alteration assemblage in the vein selvage is comprised of abundant muscovite and lesser chlorite 
and quartz. XRD analysis confirmed the presence of muscovite in the sample, but it also detected 
illite. Other minerals identified by XRD were clinochlore, quartz and montmorillonite. 
Sample 172261 is a hydrothermal breccia collected from the highest part of the system 
(~1,400 m) to the east of El Espino deposit. The breccia is gray colored with white irregular 
fragments in a vuggy polycrystalline quartz matrix. The fragments are intrusive rocks 
(monzonite) almost totally altered to quartz, sericite, and zeolites with disseminated hematite 
after pyrite. The matrix comprised quartz, sericite and tourmaline. XRD analysis of a fragment of 
the breccia confirmed the presence of sericite, quartz and laumontite. 
Sample 179682 is a breccia that displays intense hydrolytic alteration consisting of 
pervasive chlorite with minor sericite and calcite overprinting a calcic hydrothermal alteration 
assemblage of actinolite and rutile. The sample contains significant specular hematite, pyrite, and 
chalcopyrite related to the hydrolytic assemblage. It was collected from a small active mine 
located to the southeast of El Espino deposit. 
Results 




Ar step-heating of seven 
samples are shown in Figures 3.6, 3.7 and 3.8, and summarized in Table 3.3. Analytical data is 
included in Appendix A. 




Ar age determinations. Ages in bold are interpreted as 
best determination of mineral formation. 
Sample Material Location 
Plateau  
age ± 2σ (Ma) 
Inverse isochron 
age ± 2σ (Ma) 
Total fusion 
age ± 2σ (Ma) 
ERD-6 247 Actinolite Espino 88.9 ± 1.5 88.4 ± 1.2   
ERD-6 128 Sericite Espino 88.3 ± 0.6 87.9 ± 0.6   
ERD-6 142 Sericite Espino 87.9 ± 0.6 87.8 ± 0.6   
EDH-3, 246 K-feldspar Espino 86.2±0.4 86.2±0.4 86.1±0.5 
Rab-01 Sericite/illite Espino 109.7 ± 0.9 98.9 ± 2.2  
172261 Sericite Llahuin   91.7 ± 0.5 






Ar age for the sample of hydrothermal actinolite (ERD-6 247) within 
a calcic alteration assemblage yielded a plateau age of 88.9 ± 1.5 Ma and an inverse isochron age 
of 88.4 ± 1.2 Ma (Figure 3.6a). The first step of the age spectrum shows evidence of surficial 
excess argon, and the rest of the age spectrum shows a well-defined plateau age with 100% of 
the 
39
Ar released. Therefore, both the isochron and the plateau ages constrain the age of 
actinolite formation. 
Sericite (ERD-6 128) from hydrolytic altered sandstone in the El Espino deposit yielded a 
plateau age of 88.3 ± 0.6 Ma and an inverse isochron age of 87.9 ± 0.6 Ma (Figure 3.6b). The 
plot shows a plateau age with 6 steps and with 73% of the 
39
Ar released. The analysis showed 
evidence of excess argon in the lower temperature steps. The inverse isochron age is interpreted 
to best represent the age of sericite alteration event. The hydrolytic alteration of this sample 
texturally appears related to copper sulfide mineralization. Another sample of sericite (ERD-6 
142) from the El Espino deposit yielded a plateau age of 87.9 ± 0.6 Ma and an inverse isochron 
age of 87.8 ± 0.6 Ma (Figure 3.6c). Both results yield similar age within error, and are 
interpreted to represent the age of the sericite.  
Sericite from a hydrolytic alteration assemblage in a mine located 2 km north of El 





determination might have been affected by excess argon as shown by the inverse isochron 
diagram. Step-heating spectra show a sympathetic variation in the apparent Ca/K ratio with the 
low values associated with the older ages in this muscovite. This pattern could be evidence of a 
phase mixture in the muscovite, yielding an incorrect apparent plateau age. Another sample of 
muscovite from a vein in the Romero area (179682) did not yield a plateau and shows a 
degassing pattern of possible recoil. A total fusion age for this sample is 94.2 ± 0.5 Ma (Figure 
3.8a). This result represents a maximum age for this muscovite sample. 
Similarly, an illite sample from the hydrothermal breccia from Llahuin area (172261) 
also shows a complex pattern with a total fusion age of 91.7 ± 0.5 Ma (Figure 3.8b). Potassium 
feldspar (EDH-3 246) in a potassic alteration assemblage from the El Espino deposit yielded a 
plateau age of 86.21 ± 0.41 Ma with 15 steps and 100% of 
39
Ar gas released (Figure 3.8c). The 
inverse isochron age is 86.23 ± 0.42 Ma. Both the plateau age and the inverse isochron age yield 









Ar step-heating apparent age spectra and inverse isochron diagrams obtained 
for samples of a) actinolite (ERD-6 247) b) sericite (ERD-6 142) and c) sericite (ERD-6 128). 
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40Ar/39Ar Step-Heating Spectrum for ERD-6 247
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Inverse Isochron for ERD-6 247
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40Ar/39Ar Step-Heating Spectrum for ERD-6 128







Ar step-heating apparent age spectra and inverse isochron diagrams obtained 
for sample of muscovite (RAB-01). 
Discussion 




Ar age determinations obtained in this study constrain the timing of 
magmatic and hydrothermal activity in El Espino mining district to the Late Cretaceous (Figure 
3.9). The ages are consistent with cross-cutting relationships mapped in the field and 
petrographic observations. 
The U-Pb age determination of ~98 Ma for the andesitic unit constrains the age of 
deposition of El Espino member of the Quebrada Marquesa Formation. Previous estimates of the 
age of the volcano-sedimentary sequence in the El Espino district were inferred from correlations 
with other similar lithostratigraphic units far north (Rivano and Sepulveda, 1991). The new age 
date indicates that the Quebrada Marquesa Formation was deposited during the Albian stage, 
which is in agreement with the Upper Neocomian-Albian age established by fossil fauna 
(Aguirre and Egert, 1965) for the Quebrada Marquesa Formation in its type-locality 200-300 
kilometers north. It is also consistent with an Aptian-Albian age established by fossil fauna by 
Thomas (1967) about 100 kilometers northwest in the Ovalle area and with a pre-Senonian age 
suggested by Rivano and Sepulveda (1991) for the El Espino district based on K-Ar and Rb-Sr 
ages of diorite stocks intruding this formation.   
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Ar step-heating apparent age spectra and inverse isochron diagrams obtained 
for samples of a) K-feldspar (EDH-3 246) and b) sericite (RAB-01). Total fusion ages for 
samples of sericite (179682) and sericite (172261) are shown in c). 
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The U-Pb age determinations constrain the age of intrusive activity in the district to 
around 88 Ma. One of the intrusive units dated was affected by all the stages of alteration 
described for the area including the sodic event, thus this age also constrains the maximum age 





Ar step-heating age determinations on hydrothermal mineral separates yield 
ages between 88 and 86 Ma suggesting that hydrothermal alteration was closely related in time 
to the period of igneous intrusive activity (~88 Ma). These data suggest that calcic alteration in 
the district occurred at 88.4 Ma, synchronous with emplacement of the Llahuin pluton. 
Hydrolytic alteration is observed to overprint calcic assemblages. The new geochronological data 




Ar data from two of the types of hydrolytic veins present in the district, quartz-sulfide and 
quartz-iron oxide sulfide veins, indicate they formed essentially simultaneously, a result in 
agreement with field relationships.  




Ar age for potassium feldspar would suggest that potassic alteration is 
later than hydrolytic alteration. This is not consistent with most mesoscopic and petrographic 
observations that indicate that potassic alteration pre-dated hydrolytic alteration. The potassium 
feldspar analyzed comes from within a barren calcite vein that may actually be late. 




Ar age of 98.9 Ma is from sericite in the hydrolytic 
assemblage of sample RAB-1.  The step-heating spectra of this sample (Appendix A) show a 
sympathetic variation in the apparent Ca/K ratio with the low values associated with the older 
ages in this muscovite (Appendix A). This pattern could be evidence of a phase mixture in the 





Ar total fusion ages appear to have been affected by either excess argon or 
argon recoil from the crystal lattice during to irradiation. The 94 Ma age of the sample 179682 
from the Romero area appears to represent an excess argon problem and represents a maximum 
age for the hydrolytic event in this area. Sericite in the sample from the stratigraphically highest 
portion of the system yielded an age of 91.7 Ma. However, the fine-grained nature of this sericite 
mineral might have produced a recoil effect.  
The coincidence in time between the emplacement of the Llahuin pluton and iron oxide 
and sulfide mineralization, as well as the zonation of calcic alteration around the Llahuin pluton, 
suggest that this general intrusive event had a role driving the hydrothermal system. Because 
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parts of the Llahuin plutonic suite are themselves altered, the Llahuin intrusive system, including 
possible unexposed intrusive phases, provided heat and possibly fluids and sulfur to the 
hydrothermal system. The large extent of early sodic alteration restricted mostly to Quebrada 
Marquesa Formation suggests that this alteration may have been produced by circulation of 
external brines driven by the heat generated by the Llahuin intrusion. Mixing of magmatic and 
external fluids could have resulted in precipitation of iron oxide and later sulfide during the 
calcic stage of alteration around the pluton. Mixing of higher level meteoric water above the 
pluton probably produced the hydrolytic alteration assemblages observed in the district. 
 
 
Figure 3.9: Summary of U-Pb and Ar-Ar age determinations in El Espino mining district. 
 
Proximity of plutons and iron oxide-copper-gold mineralized areas and a temporal 
overlap between plutonism and mineralization has been documented in other Andean IOCG 
deposits such as Candelaria-Punta del Cobre district (Mathur et al., 2002; Marschik and Sollner, 
2006), Manto Verde (Vila et al., 1996) and Raul de Condestable (de Haller et al., 2006). At 














































Ma, 110 to 112 Ma) and mineralization (~115 Ma, Marschick and Sollner, 2006). Similar 
temporal overlap occurs in Manto Verde with plutonism (120-127 Ma) preceding hydrothermal 
alteration (117-123 Ma). At the Raul-Condestable IOCG deposit in Peru, mineralization (~115 
Ma) was coeval with emplacement of tonalitic intrusions. Hydrothermal alteration formed a 
pattern around these intrusions similar to those observed in the El Espino hydrothermal system. 
The El Espino deposit in younger than its larger IOCG equivalents in Chile. However, the 
tectonic and geological setting of El Espino is similar to those of Candelaria and Manto Verde. 
The El Espino deposit formed during and extensional period in the Andean arc history as well, 
spatially related to mafic magmatism which is possibly mantle derived in the district as it has 
been documented for the northern (29-30
o
S, Morata and Aguirre, 2003) and central segments 
(33
o
S, Vergara et al., 2005) of the Coastal Cordillera. The extensional and mantle-derived setting 
has been suggested as a key condition for the formation of Andean IOCG deposits by Groves et 
al, (2010). 
Conclusions 




Ar age determinations obtained in this work constrain the timing of 
magmatic and hydrothermal activity in El Espino mining district to the Late Cretaceous. The age 
of intrusive and hydrothermal activity in the El Espino was around 88 Ma, showing rapid cooling 
and overlapping of the different hydrothermal events in the El Espino district. The close spatial 
and temporal association of alteration zones with a pluton suggests that the plutonic suite, 
including likely unexposed plutons, provided heat and contributed fluid and sulfur to the 
hydrothermal system that produced the iron oxide copper and gold mineralization. The age of 
copper and gold mineralization at El Espino deposit. is younger than those reported for other 
Chilean IOCG deposits such as Candelaria and Manto Verde, however the extensional setting 
and igneous activity are similar at all three deposits.  
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CHAPTER 4 
ELEMENT MOBILITY DURING HYDROTHERMAL ALTERATION AND 
MINERALIZATION, EL ESPINO IOCG MINING DISTRICT, CHILE 
Abstract 
The El Espino iron oxide-copper-gold (IOCG) deposit, with a measured and indicated 
total resource of 145 Mt @ 0.55% Cu and 0.22 g/t Au, is located at the west margin of a larger 
mining district developed in hydrothermally altered Cretaceous host rocks. Mass balance 
analysis of samples from the El Espino IOCG district indicates significant elemental gains and 
losses due to alteration through time and space. The methodology employed involved isocon and 
molar element ratio analysis of the complex alteration sequence. Early sodic alteration deep in 
the hydrothermal system added sodium and leached iron, magnesium, potassium, copper, and 
other metals. Subsequent potassic alteration at deep to intermediate levels resulted in gain of 
potassium and loss of calcium, iron, manganese, magnesium, phosphorus, and titanium. Heavy 
metals do not appear to have been affected as much by this alteration event. Calcic alteration 
followed both sodic and potassic alterations, was concentrated at intermediate depths, and 
resulted in gain of calcium and magnesium and loss of potassium. Isocon analysis of calcic 
alteration assemblages shows enrichment in iron oxides and base metals. Paragenetically late 
hydrolytic alteration at levels near the paleosurface within the zoned hydrothermal system 
resulted in loss of calcium and sodium. Silica, potassium, and phosphorous were added during 
hydrolytic alteration resulting in the precipitation of quartz, sericite-illite, and apatite. The 
complete suite of metals depleted during earlier alteration events, with the exception of barium, 
rubidium, and vanadium, were fixed in the hydrolytic alteration assemblage. Petrographic and 
lithogeochemical mass balance analyses indicate that early and deep alteration events leached 
elements that were fixed at relatively later times higher in the stratigraphic sequence. The data 
thus support large-scale element mobility, involving both depletion and enrichment, in forming 
the alteration zones characteristic of IOCG deposits and indicate that metals leached from deep 




Iron oxide copper gold (IOCG) deposits are magnetite- and/or hematite-rich 
hydrothermal systems with economic copper and gold (Hitzman et al., 1992). Their classification 
and genesis are still contentious due to their diverse tectonic settings, variable morphologies, 
diversity of alteration styles, and variety of relationships to possible causative intrusive rocks. 
Studies concerning IOCG fluid and metal sources and fluid paths, have been non-conclusive or 
contradictory (Barton and Johnson, 2000; Chiaradia et al., 2006; Groves et al., 2010; Haynes, 
2000; Hitzman, 2000; Pollard, 2000, 2006; Sillitoe, 2003; Williams et al., 2005). 
It has been suggested that early sodic and sodic-calcic alteration may have leached metals 
that were later precipitated as iron oxides and sulfides (Barton and Johnson, 1996; Haynes, 2000; 
Williams et al., 2005; Groves et al., 2010). One approach to test this hypothesis is to utilize 
lithogeochemical mass balance studies similar to those conducted on VMS deposits (e.g., 
Madeisky and Stanley, 1993), Zn-Pb-Ag deposits (e.g. Whitebread and Moore, 2004) and 
porphyry copper deposits (e.g. Urqueta et al., 2009).  Such an analysis for an IOCG system was 
undertaken by Benavides et al. (2008) at the Manto Verde deposit in northern Chile. A 
combination of isocon analysis (Grant, 2005) and molar element ratio analysis (Stanley and 
Madeisky, 1994) were utilized to characterize elemental variations between unaltered (or weakly 
altered) host rocks and altered rocks in the El Espino district to determine if elemental migration 
could account for the losses and gains indicated by petrography.  
The El Espino mining district (Figure 4.1) contains the El Espino IOCG deposit and a 
number of smaller IOCG veins and mantos. It was chosen for study because it displays a 
complex alteration history typical of the Chilean IOCG deposits and also has 1000 m of vertical 
relief that exposes a significant vertical section for investigation. The El Espino deposit, one of 
the southernmost known Chilean IOCG systems, is located at 31°23’S in the Coastal Range of 
northern Chile and contains measured and indicated total resources estimated of 145 Mt @ 
0.55% Cu and 0.22 g/t Au (Explorator Resources report, 2011). The El Espino IOCG system is 
one of the youngest IOCG systems known in Chile (~88-86 Ma). It formed in an extensional to 
transtensional tectonic regime within a sequence of mixed sedimentary and volcanic rocks of 




Figure 4.1: Geological map of El Espino mining district showing the location of three main 
mineralized areas: El Espino, Romero, and Llahuin. Inset map shows location of El Espino 
district relative to the Candelaria and Manto Verde IOCG deposits.  Map modified from Lopez et 
al. (in review a).   
Methodology 
Geological, structural, and alteration mapping were conducted throughout the 18 x 14 
km
2
 area of the mining district at 1:20,000 scale to ensure that the time-space relationships of 
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alteration and mineralization were understood. Additional information was gathered from 
mapping pits, underground adits, and from logging of drill core from the El Espino deposit. 
Petrography of samples collected during the fieldwork was performed with transmitted and 
reflected light and with scanning electron microscopy (SEM) and X-ray energy dispersive 
spectrometer (EDX) for mineral identification. 
Obtaining least-altered host rocks within the El Espino system was a significant challenge 
because IOCG hydrothermal systems are characterized by widespread and commonly pervasive 
alteration (Hitzman et al., 1992; Williams et al., 1995). Samples analyzed geochemically include 
twenty samples of igneous rocks (Table B.1, Appendix B), sixty-nine rock chip samples from 
surface outcrops and drill core of intrusive, volcanic, and sedimentary rocks (Table B.2, 
Appendix B), and twenty-eight samples of well mineralized rocks (Table B.3, Appendix B). The 
igneous samples include ten unaltered or weakly altered surface samples and ten samples 
representing end members of the major alteration types. The altered samples often display 
evidence of multiple alteration events making it difficult to distinguish between alteration events 
and cumulative alteration effects. 
Geochemical analysis  
The twenty igneous rocks listed in Table B.1 (Appendix B) were prepared at ALS Global 
Vancouver. Sample preparation included weighing, drying and fine crushing to better than 70 % 
passing a 2 mm (Tyler 9 mesh, US Std. No.10) screen. A split of up to 250 g was taken and 
pulverized to better than 85 % passing a 75 micron (Tyler 200 mesh, US Std. No. 200) screen. 
Sample powders were then mixed well with a lithium metaborate flux (0.90 g) and fused in a 
furnace at 1000°C. The resulting melt was then cooled and dissolved in 100 mL of 4% HNO3 / 
2% HCl solution. The final solution was analyzed by inductively coupled plasma - mass 
spectrometry (ICP-MS). Chemical determinations have a precision dependant on concentration. 
Most analyses have a precision of ±10%, except for the elements As, Pb, Sn, Ta and W due to 
their low concentrations in most of the rocks analyzed. 
The sixty-nine intrusive, volcanic, and sedimentary rocks samples (Table B.2 Appendix 
B) and the twenty-eight mineralized samples (Table B.3 Appendix B) were analyzed for trace 
element content. They were crushed and pulverized at ALS Chemex, La Serena, Chile and then 
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sent to ALS Chemex, Vancouver, Canada for geochemical analyses. Trace element analysis was 
conducted by a combination of ICP-Mass Spectrometry (MS) and ICP-Atomic Absorption 
Spectroscopy (AES) after four acid HNO3-HClO4-HF-HCl near total digestions. Trace element 
analyses included 47 elements. Mercury values for these samples were obtained by nitric aqua 
regia digestion and ICP-AES. Gold values for Table B.3 samples were determined by both fire 
assay fusion and ICP-AES. 
Whole rock analyses were performed on all samples in Tables B.1 and B.2 (Appendix B). 
Analyses involved lithium metaborate/lithium tetraborate (LiBO2/Li2B4O7) fusion and analysis 
by ICP-Atomic Emission Spectroscopy.  
Mass balance analysis 
The geochemical dataset was analyzed using two mass balance methods, isocon analysis 
and molar element ratio analysis. Both methods provide a means of investigating element 
variations within a suite of rocks.  However, there are limitations with both techniques due to the 
difficulty in ensuring that relatively unaltered and altered samples represent originally identical 
compositions. In addition, many of the altered samples displayed superposition of multiple 
alteration events, typical of IOCG systems.  The carefully selected suite of relatively unaltered 
igneous rocks together with samples chosen to best characterize particular alteration events 
(Table 4.1, Appendix B) underwent isocon analysis based on the mass balance equation defined 
by Gresens (1967) and rearranged by Grant (1986) for an easy graphical representation. The 
method allows determination of elemental gain and loss between altered and less-altered 
samples. The same set of data was then analyzed using molar element ratio analysis (Stanley and 
Madesky, 1996) to confirm the isocon analysis results.  The larger suite of rock chip and drill 
core samples was analyzed using molar ratio analysis to expand the mass balance study to a 
variety of rock types and samples with superimposed alteration effects.  
Both mass balance techniques rely on immobile elements to identify the effects of mass 
change of the rocks due to alteration. To identify immobile elements prior to mass balance 
analysis, a correlation analysis was run between the different whole rock and trace element 
determinations of the homogeneneous igneous samples. Only elements contained in 
geochemically dissimilar minerals with concentrations significantly above their detection limits 
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were considered. Although an elemental correlation was noted between TiO2 and V, SEM and 
EDX analysis showed that these elements occur together in magnetite, which can be both a 
primary igneous mineral as well as a hydrothermally-precipitated mineral, making it clear that 
the elements cannot be presumed to be immobile.  The correlation matrix among the elements 
indicated that Zr, Nb, Yb and Th are related suggesting that they have a similar degree of 
immobility.  Correlation coefficients were 0.89 for Zr vs. Nb, 0.85 for Zr vs. Yb and 0.83 for Zr 
vs. Th. Thus, these elements were considered as relatively immobile elements for isocon and 
molar element ratio analyses.  
Isocon analysis  
The carefully selected suite of homogeneous igneous rocks (Table B.1, Appendiz B) 
utilized to characterize different alteration stages was analyzed using isocon analysis to 
determine the changes of concentration of rock components during alteration (Grant, 2005, 1986; 
Gresens, 1967).  Isocon analysis (Grant, 2005) is based on Gresens’ mass balance equation and 
compares the component gains and losses from chemical analyses of an unaltered (or least 
altered) rock versus an altered equivalent (Gresens, 1967). All the mass balance calculations 
were done based on Grant’s (1986) equation where the component change for a particular 
component “i” is defined as:  Ci=Cai/(Coi*M) -1, where Ca is the concentration of an element 
for the altered rock and Co is the concentration of the same element for the unaltered (or least-
altered) equivalent. Immobile elements should display a linear array through the origin defining a 
baseline- of slope M -which connects points with equal ratio Ca/Co of elemental change. Thus, 
the baseline represents the reference from which loss and gain is measured. Deviation of data 
points from the baseline defines the change in concentration. Elements plotting below the 
baseline have undergone a loss in concentration, whereas elements plotting above the baseline 
have undergone a gain in concentration.  
For this analysis, pairs of least-altered and more altered samples were plotted against 
each other utilizing log-log plots (Baumgartner and Olsen, 1995) rather than traditional scaled 
isocon diagrams (Grant, 1986). The immobile elements Zr, Nb, Yb, and Th were visually 
inspected to confirm that they form a linear arrangement through the origin. The deviations for 
all the components from the baseline were then plotted on histograms to better visualize 
concentration gains and losses. Standard deviations of immobile elements were computed for 
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each pair of rocks analyzed to identify statistically significant variations which were defined as 
those gains and losses that fall above or below the dispersion from the baseline with a 95% 
confidence interval. The dispersion from the baseline is defined as t * , where t is the student’s 
t-distribution factor and  is the standard deviation. Only statistically significant anomalies were 
considered as “true” mass changes.  
Molar element ratio analysis 
Molar element ratio analysis is a technique utilized to study element variations and 
mineral changes in the rocks using molar ratios (Stanley and Madeisky 1994; Benavides et al., 
2010). The molar ratios have an immobile element as a common denominator in order to avoid 
the effects of mass change of the rocks.  Two immobile and geochemically dissimilar elements 
were identified when the data plotted along a line that passes through the origin. Once a common 
denominator was identified, molar ratios with the elements (or combination of elements) of 
interest were calculated to study element and mineral variations.  The advantage of molar ratio 
analysis is that samples with heterogeneous lithologies and different alteration assemblages can 
be analyzed simultaneously. 
Geological Setting of the El Espino District 
The El Espino district is located within the Cretaceous Coastal Cordillera of north-central 
Chile. During the Early Cretaceous, the El Espino region was characterized by a period of 
voluminous subaerial shoshonitic to calc-alkaline volcanism with recurrent marine 
transgressions, followed by a period of regressive marine-transitional sedimentation in local 
basins formed by intra-arc rifting (Vergara et al., 1995). Crustal shortening and uplift led to 
subaerial sedimentation and re-emergence of volcanism by the end of the Early Cretaceous. In 
the Late Cretaceous the El Espino region was characterized by deposition of subaerial alluvial 
debris flows in extensional basins accompanied by explosive volcanism.  
The El Espino mining district contains the Cretaceous volcano-sedimentary Arqueros, 
Quebrada Marquesa, and Salamanca formations (Figure 4.1, Appendix B). The Arqueros 
Formation has a minimum thickness of 1,500 m in the district and consists of grey-greenish 
andesitic lava, volcanic andesitic breccia, and andesitic lapilli tuff with lenses up to 100 m thick 
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of andesitic conglomerate, sandstone, siltstone, and limestone. The Arqueros formation displays 
a high degree of lateral facies variability. 
The volcanic rocks have compositions corresponding to high-K to shoshonitic basalt, 
basaltic andesite, and andesite.  The sedimentary rocks of Quebrada Marquesa Formation consist 
of a mixed sequence of volcanic and sedimentary rocks that were deposited in a relatively small 
(13 x 5 km), structurally controlled basin. The Late Cretaceous Salamanca Formation, which is 
in fault contact with the Quebrada Marquesa Formation, contains a basal unit composed of 
andesitic breccia and locally grey-colored, thin-bedded siltstone that grade upwards to red to 
gray polymictic conglomerate and red sandstone. 
The sedimentary and volcanic units in the El Espino district were intruded by a series of 
Late Cretaceous gabbroic to dioritic dikes and intermediate stocks of dioritic and monzonitic 
composition (Llahuin pluton in the central area and Illapel-Caimanes pluton to the south) 
(Figures 4.1, 4.2). The Llahuin pluton (~88 Ma; Lopez et al., in review b) comprises at least nine 
individual intrusions which are distinguished by texture and mineralogy.  
 
Figure 4.2: Composition of the unaltered and altered igneous rocks making up the suite in Table 
















































The Cretaceous volcanic and sedimentary sequence in the El Espino region underwent 
hydrothermal alteration concurrent with extension-related plutonism during the Late Cretaceous 
(Lopez et al., in review b). Faults largely controlled the location of IOCG alteration and 
mineralization around the Llahuin pluton. Hydrothermal alteration occurred between 88 and 86 
Ma (Lopez et al., in review b).  
Paragenetic Sequence of Alteration and Mineralization in the El Espino District 
Mapping identified three mineralized areas within the El Espino district (Figure 4.3): the 
El Espino area on the west margin of Llahuin pluton, including the veins and mantos of the El 
Espino deposit; the Romero area southeast of Llahuin pluton which contains several veins as 
well as irregular stockwork zones with contained mineralized bodies; and the Llahuin area in the 
structurally highest portion of the hydrothermal system that contains several veins. 
Alteration mineral assemblages throughout the district display a coherent paragenetic 
sequence (Figure 4.4). An early sodic alteration (albite/albite-chlorite) event affected much of the 
district and was centered around and partly on the Llahuin pluton. The sodic alteration 
assemblage is best developed deep in the hydrothermal system, though it can be found at 
medium and higher elevations.  
Sodic alteration was followed by more spatially restricted potassic (K-feldspar-biotite) 
alteration (Figure 4.3). Neither of these alteration events was associated with significant iron 
oxide or sulfide mineralization. Later sodic-calcic (albite-epidote) and less well-developed 
potassic-calcic (K-feldspar-actinolite) alteration events occurred throughout the district with 
sodic-calcic alteration assemblages restricted to areas that had previously undergone sodic 
alteration (Figure 4.3). An apparently later calcic (actinolite-epidote) alteration event occurred 
most prominently within the zone of sodic-calcic alteration.  The sodic-calcic alteration 
assemblage may represent a transition from sodic to calcic alteration through time while the 
potassic-calcic assemblage may represent alteration due to intermixing of the hydrothermal 
fluids responsible for both the potassic and calcic alteration assemblages. Unlike the sodic, 
sodic-calcic, potassic, and potassic-calcic alteration assemblages, some areas of apparently 
temporally late calcic alteration contain significant amounts of iron oxide and sulfide minerals. 
The final significant alteration event in the El Espino district produced a hydrolytic alteration 
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assemblage dominated by sericite-illite, chlorite, and quartz with iron oxides, sulfides, and gold.  
Hydrolytic assemblages occur within and along veins that were largely controlled by high angle 
faults, and in a manto fed by veins (El Espino deposit). 
 
Figure 4.3: Map showing the general distribution of different alteration types in the El Espino 
district (modified from Lopez et al., in review a).  Sodic alteration is the oldest alteration event 
and hydrolytic altertion is the youngest.  Note that the sodic, sodic-calcic, and calcic alteration 
zones show a spatial zonation whereas the potassic alteration zones are more scattered through 
the district.  Hydrolytic alteration is mostly concentrated along faults and veins. 
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Alteration assemblages in the El Espino mining district display a distinct vertical and 
lateral zonation (Figure 4.5).  Areas located at low elevations (900-1,400 m) within the 
hydrothermal system, such as the El Espino area, dominantly display sodic and locally potassic 
alteration assemblages that were overprinted by sodic-calcic, potassic-calcic, calcic and 
hydrolytic alteration assemblages.  Prospects at medium elevations such as in the Romero area 
(1,400-1,800 m) contain potassic-calcic, calcic and hydrolytic alteration assemblages.  
Hydrolytic alteration assemblages are well developed at medium to higher elevations (1,400-
1,900 m), such as in the Llahuin area. 
 
 
Figure 4.4: Paragenetic sequence of alteration minerals determined from megascopic cross 
cutting relationships and detailed petrography (Lopez et al., in review a). The continuous lines 




Figure 4.5: Schematic E-W cross sections showing relative timing, and the lateral and vertical 
distribution of alteration types in the El Espino district (modified from Lopez et al., in review). 
The location of the section is illustrated in Figure 4.3.  a) Sodic alteration is early and best 
developed deep in the system; potassic alteration occurs related to the first intrusions of the 
Llahuin plutonic suite. b) Sodic-calcic alteration is restricted to areas that were previously 
sodically altered; it is most prominent at intermediate elevations surrounding a relative late 
diorite phase of Llahuin pluton.  Calcic alteration is best developed at intermediate to relatively 
high elevations and is largely confined to volcano sedimentary sequence adjacent to Llahuin 













































Iron oxides in the El Espino district display a general temporal trend from magnetite with 
the early stage of calcic alteration to hematite associated with later calcic and hydrolytic 
alteration.  This overall change in mineralogy may reflect declining temperature of hydrothermal 
fluids through time or a progressive increase of the oxidation state of the fluids, perhaps due to 
fluid mixing with a more oxidized, meteorically-derived fluid. Copper and gold were first 
precipitated during the calcic alteration stage and continued to be deposited through the period of 
hydrolytic alteration. 
Geochemical variations in El Espino host rocks 
Mass balance estimations utilized a combination of isocon analysis (Grant, 2005) and 
molar element ratio analysis (Stanley and Madeisky, 1994) to characterize elemental variations 
between unaltered (or weakly altered) host rocks and altered rocks from throughout the district 
(Figure 4.6) to determine if elemental migration could account for the losses and gains indicated 
by petrography.  
Isocon Analysis  
Isocon analysis utilized least altered and altered rock pairs of similar rock types from the 
suite of igneous rocks (Table B.1, Appendix B). The samples provide data throughout the 
paragenetic sequence of IOCG alteration at El Espino as well as through the vertical extent of the 
exposed system.  Where possible an altered rock was compared to an unaltered or very weakly 
altered rock of similar original composition. When a least altered sample was not available, a 
sample of the same rock type that had been affected by the previous stage of alteration was 
utilized to monitor element variations between alteration stages within the same rock unit.  For 
each analysis a log-log plot illustrating the data points as well as the baseline and dispersion are 
presented as well as histograms of element variations.  
Sodic alteration stage 
Two pairs of rocks, one from the El Espino area and another from the Romero area were 
utilized to investigate chemical variations due to sodic alteration. In the Espino area a 
megascopically fresh, medium-grained hornblende diorite from approximately 2 km southeast of 
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the El Espino deposit (179587) was compared with a bleached, sodically altered diorite (179586) 
collected 2.5 km northeast of the El Espino deposit (Figure 4.6). 
 
Figure 4.6:  Map showing the location of samples used in this study.  The extension of 
hydrothermal alteration is outlined as a reference. The homogeneous igneous rocks suite samples 
are distinguished (black diamonds) from those collected from a variety of rock and alteration 
types (open circles).  Sample locations with a (2) next to the sample number indicate that two 




Petrography indicates that the “fresh” rock has minor alteration of igneous hornblende to 
actinolite and chlorite and that the plagioclase contains minor secondary epidote; the sample 
contains minor disseminated igneous magnetite that is weakly martitized.  The sodic altered 
sample petrographically displays pervasive alteration of igneous plagioclase to albite and 
destruction of igneous mafic minerals; remnant igneous mafic minerals were converted to 
actinolite. The sample also shows minor secondary epidote and apatite together with weak 
sericitization of albite.  
Geochemical comparison of these two samples shows that the sodic altered sample has 
undergone significant elemental loss (Figure 4.7 a,b).  Only elements that display dispersion 
from the mean with a 95% confidence level were considered to show variations that were 
statistically significant.  Clearly the sodic altered sample with abundant hydrothermal albite is 
enriched in Na2O relative to the unaltered sample. Both K2O and Fe2O3 show losses.  This 
reflects the complete destruction of potassium feldspar in the altered sample and the removal of 
most mafic minerals.  Interestingly, CaO in the sample shows a very weak enrichment indicating 
that the calcium removed from plagioclase during albitization largely remains in the sample.  
The secondary apatite observed in the sample may be the result of minor addition of phosphorus 
or simply leaching of other components in the rock.  The substantial loss of both cerium and 
lanthanum, however, suggests that igneous phosphate minerals, the site for most light rare earth 
elements, were destroyed during alteration with removal of the rare earths by the hydrothermal 
fluids.  A number of other elements were mobilized and removed during sodic alteration 
including copper and zinc as well as barium, cobalt, nickel, and tungsten.  The absolute copper 
value in the unaltered sample was 105 ppm whereas the sodic altered sample contained only 1 
ppm copper.  Arsenic was highly enriched during hydrothermal alteration.  
The geochemical effects of sodic alteration were also investigated in two samples from 
the Romero prospect in an area closer to mineralized breccias and veins. The least altered sample 
is a medium-grained hornblende monzodiorite (179562) that displays weak alteration of igneous 
plagioclase to potassium feldspar and igneous mafic minerals to actinolite, biotite, and chlorite.  
This assemblage was probably the result of weak potassic-calcic alteration. The sodic altered 
sample (179560) is a totally bleached monzodiorite that contains an assemblage of albite-quartz-
chlorite. 
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Geochemical comparison of the samples indicates that the sodic altered sample shows 
gains of both Na2O and SiO2 and losses of CaO, MgO, and K2O (Figure 4.8 a,b).  These results 
are consistent with the petrographically observed alteration assemblage. Thus, unlike the sodic 
altered sample from El Espino, there has been a net loss of calcium due to replacement of 
igneous plagioclase.  The behavior of trace elements between the El Espino and Romero samples 
during sodic alteration is somewhat similar with depletion of barium, cerium, lanthanum, copper, 
and nickel.  However, unlike the El Espino samples, the sodic altered sample from Romero 
shows enrichment, rather than depletion, of tungsten and depletion, rather than enrichment, of 
arsenic.  
Potassic alteration stage 
Potassic alteration was investigated utilizing two monzonite samples from the Llahuin 
area. The unaltered sample (179512B) is a grey hornblende monzonite with minor accessory 
igneous magnetite. The altered sample (179512A) is a pink monzonite in which igneous mafic 
minerals have largely been destroyed. This sample was collected two meters away from the 
unaltered sample.  The intervening area between the two samples contains medium-grained gray 
monzonite cut by a stockwork of 1-5 cm wide veins of pink potassium feldspar.  In thin section 
the altered sample shows pervasive replacement of igneous plagioclase by potassium feldspar 
and replacement of igneous hornblende and biotite by hydrothermal actinolite and biotite.  
Geochemical analysis confirms the petrographic observations with a gain in K2O and 
losses of CaO, Fe2O3, MgO, MnO, P2O5, and TiO2 (Figure 4.9 a,b).  This reflects widespread 
replacement of igneous plagioclase by potassium feldspar and destruction of igneous mafic 
minerals and leaching of much of the iron and magnesium from the rock.  The data indicate 
destruction of igneous apatite though both cerium and lanthanum appear not to have been 
mobile, unlike their behavior in the sodic altered rocks.   
Trace metals, including copper, cobalt, vanadium, and zinc are relatively leached while 
arsenic, lead, thorium, and uranium are enriched.  The increase in lead, and to a lesser extent 





Figure 4.7: Isocon analysis of unaltered (179587) and sodic altered (179586) diorite from the El 
Espino area. a) Log-log diagram which showing the best-fit baseline where the slope is defined 
by the ratios Caltered/Cleast-altered (Ca/Co) for the three immobile elements Zr, Nb and Yb (black 
dots).  The best-fit baseline slope (M) is 0.99 and standard deviation () is 0.11. The gray lines 
represent the dispersion from the mean with a 95% confidence interval.  b) Histogram showing 
gains and losses of major and trace elements. The gray parallel lines represent data dispersion 
from the mean. Only changes above 47%, which represents the dispersion from the mean with a 
95% confidence interval, are considered statistically significant as true mass changes. The 






































































































Figure 4.8: Isocon analysis of unaltered (179562) and sodic altered (179560) monzonite from the 
Romero area. a) Log-log diagram which showing the best-fit baseline where the slope is defined 
by the ratios Caltered/Cleast-altered (Ca/Co) for the four immobile elements Zr, Nb, Th and Yb (black 
dots).  The best-fit baseline slope (M) is 0.71 and standard deviation () is 0.09. The gray lines 
represent the dispersion from the mean with a 95% confidence interval. b) Histogram showing 
gains and losses of major and trace elements. The gray parallel lines represent data dispersion 
from the mean. Only changes above 40%, which represents the dispersion from the mean with a 
95% confidence interval, are considered statistically significant as true mass changes. The 











































































































Figure 4.9: Isocon analysis of unaltered (179512B) and potassic altered (179512A) diorite from 
the Llahuin area.  a) Log-log diagram showing the best-fit baseline where the slope is defined by 
the ratios Caltered/Cleast-altered (Ca/Co) for the three immobile elements  Zr, Nb,  Yb (black dots).  
The best-fit baseline slope (M) is 1.02 and standard deviation () is 0.26. The gray lines 
represent the dispersion from the mean with a 95% confidence interval. b) Histogram showing 
gains and losses of major and trace elements. The gray parallel lines represent data dispersion 
from the mean.  Only changes above 31%, which represents the dispersion from the mean with a 
95% confidence interval, are considered statistically significant as true mass changes. The 





































































































Sodic-calcic alteration stage 
The sodic-calcic alteration stage was investigated utilizing two samples of a gabbroic sill 
from the El Espino deposit.  The least altered sample (179654) is a dark hornblende- pyroxene 
gabbro that displays weak albitization of igneous plagioclase and chloritization of igneous 
hornblende.  The sodic-calcic altered gabbro (179657) was collected 1.2 meters from the less 
altered sample and has pervasive albitization and epidotization of igneous plagioclase together 
with replacement of igneous mafic minerals by actinolite and chlorite.  It displays a stockwork of 
irregular epidote veinlets with approximately 1cm wide selvages of calcite, epidote, albite, and 
minor hematite after magnetite and pyrite.   
Isocon analysis suggests that this alteration event resulted in loss of MgO and MnO and 
significant gains of Na2O, Fe2O3, P2O5, and TiO2; CaO and K2O appear to be largely unchanged 
between altered and unaltered samples (Figure 4.10 a,b).  Thus, though this alteration was 
designated as sodic-calcic based on the abundance of epidote from field and petrographic 
observations, geochemically it behaves in a similar manner to sodic alteration in terms of major 
elements.  However, the results indicate a distinct difference with earlier sodic alteration in 
regards trace elements.  Whereas barium and cobalt, and to a lesser extent nickel and zinc, were 
leached during sodic-calcic alteration, many trace elements such as arsenicum, molybdenum, the 
REE, and uranium show distinct enrichments; Cu shows a slight enrichment (Figure 4.10 a, b).  
It is unclear, however, how much of this apparent variation may be due to differences in the 
composition of the protoliths used in the isocon analysis, whereas the samples analyzed for 
sodic-calcic alteration are more mafic, samples analyzed for  sodic and potassic alteration are 
felsic intrusive rocks.  
Calcic alteration stage 
The calcic alteration stage in the El Espino district is restricted to the core of the 
hydrothermal system (Figure 4.3).  It displays a complex paragenetic mineral assemblage that 
ranges from actinolite dominant to epidote dominant, the former often containing abundant iron 
oxides and sulfides in addition to minor quartz and calcite.  Calcic assemblages may grade 
outward away from veins to a less pervasive alteration assemblage with partial epidotization of 
igneous plagioclase and incomplete replacement of igneous mafic minerals by actinolite and 
chlorite; such rocks commonly contain minor disseminated magnetite and pyrite.  This 
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assemblage is similar to the propylitic alteration assemblage observed in many porphyry copper 
systems (Seedorf et al., 2005).  
Nearly all samples displaying calcic alteration assemblages also contain evidence of 
earlier sodic, and/or sodic-calcic and/or potassic-calcic alteration.  Thus it is difficult to evaluate 
geochemical gains and losses resulting solely from the calcic alteration event.  The isocon 
analysis compared a calcic altered sample of monzonite from the Romero prospect (172254B) to 
an essentially unaltered monzodiorite from the same area (179562) as well as to a sodic altered 
monzonite (179650), the sample utilized for the investigation of sodic alteration.  The calcic 
altered monzonite sample consists largely of actinolite that replaces both hydrothermal albite and 
remnant igneous minerals.  The sample displays a breccia texture with irregular patches of albite 
within a green actinolite-rich matrix.  
Isocon analysis of the sodic and calcic altered monzonite compared to unaltered 
equivalent indicates that the sodic and calcic altered sample shows distinct losses of K2O relative 
to the unaltered sample and gains of P2O5 and MgO (Figure 4.11a, b). In terms of trace elements, 
arsenicum, barium, cerium, lantanum, rubidium, and strontium show depletions whereas cobalt, 
lithium, molybdenum, nickel, lead, tin, thorium, vanadium, tungsten and zinc show enrichments.  
Isocon analysis indicates that, relative to the sodic altered monzonite, the sodic and calcic altered 
monzonite displays distinct losses of K2O and enrichment of CaO and MgO (Figure 4.12a, b).  
The trace elements arsenicum, barium, rubidium, and scandium were lost, and cobalt, cesium, 
nickel, lead, strntium and zinc are enriched (Figure 4.12a, b).   
Thus, the isocon analysis confirms that the calcic alteration did, indeed, involve 
enrichment in calcium as well as magnesium and phosphorous, although the total amount of 
calcium gained may not overcome calcium losses due to earlier sodic alteration.  Despite the fact 
that calcic alteration is associated with both iron oxide and base metal mineralization in portions 
of the district, the geochemical data from this sample of calcic altered rock do not indicate 
significant enrichment of either iron or base metals, other than zinc.  However, this calcic altered 
sample does not contain significant iron oxide or sulfide minerals. This analysis, combined with 
the wide variety of observed calcic alteration mineral assemblages, suggests that the calcic 
alteration event was a complex, multi-staged process. The sample used in this analysis does not 
represent the later, more iron- and base metals-rich phase of this event.  
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Figure 4.10: Isocon analysis of less altered (179654) and intensely Na-Ca altered (179657) 
gabbro diorite from the El Espino deposit.  a) Log-log diagram showing the best-fit baseline 
where the slope is defined by the ratios Caltered/Cleast-altered (Ca/Co) for three immobile elements Zr, 
Nb and Th (black dots).  The best-fit baseline slope (M) is 0.81 and standard deviation () is 
0.09. The gray lines represent the dispersion from the mean with a 95% confidence interval.  b) 
Histogram showing gains and losses. The gray parallel lines represent data dispersion from the 
mean.  Only changes above 49%, which represents the dispersion from the mean with a 95% 
confidence interval, are considered statistically significant as true mass changes. The segmented 


















































































































Figure 4.11: Isocon analysis of unaltered (179562) and calcic altered (172254B) monzonite from 
the Romero area.  a) Log-log diagram showing the best-fit baseline where slope is defined by the 
ratios Caltered/Cleast-altered (Ca/Co) for four immobile elements Zr, Nb, Yb and Th (black dots).  The 
best-fit baseline slope (M) is 1 and standard deviation () is 0.13. The gray lines represent the 
dispersion from the mean with a 95% confidence interval.  b) Histogram showing gains and 
losses. Only changes above 42%, which represents the dispersion from the mean with a 95% 
confidence interval, are considered statistically significant as true mass changes. The segmented 












































































































Figure 4.12: Isocon analysis of sodic altered (179560) and calcic altered (179554B) monzonite 
from the Romero area.  a) Log-log diagram showing the best-fit baseline where slope is defined 
by the ratios Caltered/Cleast-altered (Ca/Co) for four immobile elements Zr, Nb, Yb and Th (black 
dots).  The best-fit baseline slope (M) is 1.29 and standard deviation () is 0.22. The gray lines 
represent the dispersion from the mean with a 95% confidence interval.  b) Histogram showing 
gains and losses. Only changes above 55%, which represents the dispersion from the mean with 
a 95% confidence interval, are considered statistically significant as true mass changes. The 









































































































Figure 4.13: Isocon analysis of iron oxide mineralized (179553) and least-ltered (179562) 
monzonite from the Romero area. a) Log-log diagram showing the best-fit baseline where the 
slope is defined by the ratios Caltered/Cleast-altered (Ca/Co) for two immobile elements Zr and Yb 
(black dots).  The best-fit baseline slope (M) is 0.37 and standard deviation () is 0.03. The gray 
lines represent the dispersion from the mean with a 90% confidence interval.  b) Histogram 
showing gains and losses. The gray parallel lines represent statistically significant data 
dispersion from the mean.  Only changes above 53%, which represents the dispersion from the 
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Figure 4.14: Isocon analysis of unaltered (172401) and weakly calcic altered (172500) quartz 
diorite from the northern part of the district. a) Log-log diagram showing the best-fit baseline 
where the slope is defined by the ratios Caltered/Cleast-altered (Ca/Co) for four immobile elements Zr, 
Nb, Th and Yb (black dots).  The best-fit baseline slope (M) is 1.13 and standard deviation () is 
0.16. The gray lines represent the dispersion from the mean with a 95% confidence interval.  b) 
Histogram showing gains and losses. The gray parallel lines represent data dispersion from the 
mean.  Only changes above 46%, which represents the dispersion from the mean with a 95% 
confidence interval, are considered statistically significant as true mass changes. The segmented 


































































































A latest phase in the calcic event is observed in the better mineralized sample 179553 
collected in the same location as 179554B.  Sample 179553 is a brecciated monzonite with 
abundant iron oxide and minor copper sulfide. Breccia fragments are bleached and are formed 
mostly of quartz.   The matrix is mostly composed of iron oxides (specular hematite) with minor 
actinolite and chlorite, and traces of sulfide intergrown with iron oxides. Isocon analysis of this 
altered brecciated monzonite compared to the least-altered monzonite (179562) indicates 
significant mobility of most elements during alteration (Figures 4.13a,b). Dispersion of data is so 
high (over 100%) that the error in this case was recalculated for a 90% confidence interval. 
Major elements CaO, Na2O and K2O show losses, (Table 4.2 Appendix B), whereas SiO2, Fe2O3, 
MgO, MnO and P2O5 show gains. The trace elements Co, Cr, Cu, Ga, Mo, Nb, Pb, Th, U, V, W 
and Zn show gains, whereas Ba, Cs, Eu, Rb, Sc and Sr, among others, show losses.  
In order to investigate the propylitic alteration present in the district, two samples of 
quartz diorite, one unaltered (172401) and the other weakly calcic altered (172500), were 
compared. The altered sample contains thin epidote veins with minor magnetite, pyrite, and 
chalcopyrite and displays chloritization of igneous plagioclase and mafic minerals, as well as 
actinolite after igneous mafic minerals.  Isocon analysis indicates that there is little significant 
elemental variation between the two samples with the exception of enrichment in copper, due to 
the presence of minor chalcopyrite (Figure 4.14a, b).  The sample does display a slight loss of 
K2O, similar to other calcic altered samples, as well as minor loss of Fe2O3 and Na2O.  
Hydrolytic alteration stage 
Hydrolytic alteration in the El Espino district occurs along veins that cut rocks affected 
by a previous hydrothermal alteration event (Figure 4.3).  Thus, it is difficult, if not impossible, 
to compare hydrolytically altered rock to unaltered rock.  For this isocon analysis two samples of 
basaltic andesitic lava from 2 km north of the El Espino deposit were utilized. The hydrolytic 
altered sample (Rab-1) was collected adjacent to an iron oxide and sulfide-mineralized vein and 
contains an alteration assemblage of sericite, chlorite, quartz, calcite, specular hematite, and 
chalcopyrite.  The second sample for the analysis comes from the same basaltic andesite flow 
500m from the vein.  This sample (172492) shows moderate sodic-calcic alteration with 
replacive albite, epidote, actinolite, and chlorite.  
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The sample with hydrolytic alteration shows distinct enrichment in SiO2, Fe2O3, K2O and 
P2O5 relative to the sodic-calcic altered sample (Figures 3.15a, b).  Both CaO and Na2O have 
been lost reflecting the destruction of albite, epidote and actinolite; magnesium shows a slight 
depletion but was probably preserved largely in chlorite.  The hydrolytic sample shows 
significant enrichment in a number of trace elements, notably, As, Co, Cu, Cr, Mo, Ni, Sn, and 
U.  The rare earth elements are all weakly enriched, although cerium and lanthanum are not 
highly enriched relative to other rare earths; judging from the enrichment in phosphorous, the 
REE are probably located in phosphate minerals.  
Molar Element Ratio analysis 
Molar element ratio analysis was performed to confirm the results of isocon analysis and 
also to expand the mass balance analysis to volcanosedimentary rocks and more complex 
alteration assemblages. Altered rocks in the El Espino district commonly show superposition of 
alteration stages making it difficult to understand element mobility based on end member 
alteration types. Molar element ratio analysis has the advantage of enabling simultaneous 
examination of a diverse suite of unaltered and altered rocks from different geologic units.  
Molar element ratio analysis was initially utilized to examine the suite of rocks utilized for the 
isocon analysis (Table 4.1).  The technique was then applied to the much larger dataset of 
unaltered and altered igneous and volcanosedimentary rocks from throughout the district (Table 
B.2 Appendix B).   
In the suite used for isocon analysis, Zr and Nb plot along a line through the origin with a 
0.89 correlation coefficient (Figure 4.16) suggesting that these elements were relatively 
immobile during alteration.  A similar correlation between Zr and Nb was found in a large suite 
(n=840) of igneous and volcanic rocks form the Manto Verde IOCG deposit (Benavides et al., 
2008). For this analysis Zr was used as the common denominator to build the molar element 
ratios. 
All analyses were conducted on distinct alteration assemblages tied to the paragenetic 




Figure 4.15: Isocon analysis of Na-Ca altered (172492) and hydrolytic altered (Rab-1) basaltic 
andesite from the El Espino area.  a) Log-log diagram showing the best-fit baseline where the 
slope is defined by the ratios Caltered/Cleast-altered (Ca/Co) for the three immobile elements Zr, Nb 
and Th (black dots). The best-fit baseline slope (M) is 0.48 and standard deviation () is 0.07.  
Lines above and below the baseline, represent the dispersion from the mean with a 95% 
confidence interval. b) Histogram showing gains and losses. Only changes above 66%, which 
represents the dispersion from the mean with a 95% confidence interval, are considered 
statistically significant as true mass changes. Segmented lines represent data dispersion from the 









0.1 1 10 100 1000 10000 100000 1000000


































































































The first molar ratio test was designed to monitor the effects of sodic alteration and to 
compare results with those from isocon analysis for end member alteration types.   The test 
utilized a plot of Na/Zr vs. Al/Zr (Figure 4.17a) (PER diagram, Stanley and Madeisky, 1994), 
which shows that altered rocks gained Na, which is consistent with isocon analysis results.  The 
second test for this suite uses a plot of K/Al vs. Na/Al ratios to discriminate between alteration 
stages (Figure 4.17b).  Most sodic and sodic-calcic altered rocks plot to the right of least-altered 
samples and have Na/Al >0.4 molar. The calcic altered sample plotting with this group shows 
calcic assemblages overprinting sodic alteration assemblages, whereas other calcic altered 
samples plot to the left due to the absence of albite in the alteration assemblage (Na/Al<0.25 
molar and K/Al~0). Interestingly, the calcic altered sample plotting near the origin is depleted in 
calcium as well, despite having actinolite in its assemblage. The reason is that chlorite has almost 
totally replaced the rock as pseudomorphs after actinolite.  The hydrolytic stage plots on the 
K/Al axis due to the presence of sericite-illite in the assemblage and the lack of albite. 
 
 
Figure 4.16: Correlation for the samples used in the isocon analysis. Data points from the least-
altered (black circles) and altered (open circles) samples plot along a line through the origin with 
correlation coefficient of 0.9 indicating that Zr and Nb can be considered immobile for molar 
element ratio analysis. 
 
The molar element ratio mass balance analysis was expanded to include the larger suite 




















throughout the district. For this analysis Nb was assumed to have been immobile and was used as 
the common denominator for molar ratios. A plot of Na/Nb vs. Al/Nb ratios (Figure 4.18) shows 
a pattern similar to that observed with just the igneous rocks (Figure 4.17 a) although there is a 
much greater scatter of data reflecting the wider variation in initial chemical composition of the 
samples.  The data indicate that the general geochemical trends observed in the isocon analysis 
are seen in the more diverse set of volcanosedimentary rocks.  
 
 
Figure 4.17: Molar element ratio diagrams showing data from both altered and less altered 
igneous rocks. a) The diagram shows that the most Na-enriched rocks plot between the albite 
control line and the least-altered rocks. The hydrolytic altered sample with abundant iron and 
copper, and the calcic altered sample with abundant iron are both depleted in Na.  b) The 
diagram shows that most altered mineralized rocks have either high in Na/Al (>0.4) or low in 
Na/Al (<0.25).  Mineralized hydrolytic and calcic altered rocks are strongly depleted in Na 
(Na/Al close to zero). 
 
In order to examine the broader suite with regard to both calcic and hydrolytic alteration 
that are paragenetically associated with iron oxide and base metal mineralization, plots of Fe/Nb 
vs. Na/Nb were constructed.  The Fe/Nb ratio reflects the higher percentage of iron in these 
samples relative to unaltered or sodically or potassically altered samples. Several altered igneous 
rocks show low values of Fe/Nb.  The results (Figure 4.19) confirm that calcic and hydrolytic 
altered rocks with varying amounts of iron oxides are depleted in sodium.  Less altered 
volcanosedimentary and volcanic rocks display a range of values but generally show neither iron 














































Figure 4.18: Molar element ratio diagram showing the Na/Nb and Al/Nb ratios of different rock 
types and different styles of alteration.  The alteration type indicated represents the major 
alteration assemblage visible in the sample.  Many samples were subjected to multiple stages of 
alteration.  There is a shift from least-altered rocks to albite control line for sodium and sodium-




Figure 4.19:  Molar element ratio plot of Fe/Nb vs. Na/Nb showing igneous and sedimentary 
rocks with different alteration assemblages. Iron-enriched rocks, corresponding largely to 



















































Additional molar element ratio tests were designed for other major and trace elements.. 
Analysis showed that Mg is lost from sodic and sodic-calcic altered samples and Ti is lost from 
sodic altered samples (Figures 4.20 a,b).  Ba is lost for most of the sodic and sodic-calcic altered 
samples and depleted in samples with sodic alteration (Figure 4.20 c).  As and Pb are highly 
enriched for the hydrolytic altered samples that include argillic alteration assemblages higher in 
the system (Figures 4.20 d,e). Pb is lost for most sodic samples and for most of the sodic-calcic 
and calcic altered samples (Figure 4.20 e). Mo is highly enriched in all hydrolytic samples and is 
lost from some of the sodic and sodic-calcic samples (Figure 4.20 f).  
The data were also examined utilizing a plot of Na/Al vs. K/Al ratios (GER diagram, 
Stanley and Madeisky, 1994) to distinguish sodic altered rocks from those that underwent either 
potassic or hydrolytic alteration.  In this analysis calcic altered rocks have a K/Al of less than 0.1 
(Figure 4.21). To analyze the relationships between alteration type and mineralization the Na/Al 
vs. K/Al plot was modified to show copper content of the samples (Figure 4.22).  The analysis 
clearly shows that those samples that display the geochemical characteristics of both calcic and 
hydrolytic alteration are enriched in copper. A data set (n=28) from well-mineralized veins 
(Table B.3 Appendix B) was analyzed using molar element ratio analysis (Figure 4.23).  These 
data confirm the correlation of copper mineralization with both calcic and hydrolytic alteration. 
The data also show the preponderance of copper mineralization associated with hydrolytic 
alteration in the El Espino district. 
Discussion  
The mass balance analysis of altered and mineralized rocks from the El Espino district 
presents a picture of the sometimes extreme elemental changes taking place during the 
development of this hydrothermal system (Figure 4.24). 
Early sodic alteration was the most aerially extensive alteration event in the district and is 
spatially related to the Llahuin pluton.  Although best developed at stratigraphically deep levels 
the sodic alteration assemblage extends upward in the system to the near surface where it 




Figure 4.20:  Molar element ratio plots of different alteration assemblages. a) Mg-depletion, 
corresponding largely to samples with sodic-calcic and calcic alteration b) Ti-depletion 
corresponding to samples with sodic alteration. c) Ba-enrichment corresponding to samples with 
sodic, sodic-calcic and calcic alteration d) As-enrichment corresponding to samples with 
hydrolytic alteration e) Pb-depletion corresponding largely to samples with sodic-calcic and 
calcic alteration,  and f) Mo-enrichment corresponding largely to samples with hydrolytic 




Figure 4.21: Molar element ratio diagram showing the K/Al vs Na/Al ratios of different rock that 
have been subjected to different styles of alteration. The alteration type indicated represents the 
major alteration assemblage visible in the sample.  Many samples were subjected to multiple 
stages of alteration.  Samples with mineral assemblages indicative of sodic or sodic-calcic 
alteration show an increase in Na/Al ratio whereas rocks with mineral assemblages indicative of 
hydrolytic and calcic alteration show a decrease in the Na/Al ratio. 
 
Sodic alteration resulted in significant addition of sodium to the rocks (Figure 4.24), 
converting igneous plagioclase to albite or precipitating albite in sedimentary rocks.  Sodic 
alteration was accompanied by significant depletions of potassium, magnesium, and iron.  
Interestingly, calcium remained largely immobile during sodic alteration, probably being taken 
up in minor epidote and actinolite. A number of trace elements were depleted during sodic 
alteration, such as titanium and most notably barium, probably from breakdown of potassium 
feldspar. A number of metals, including copper, cobalt, nickel and lead also were depleted, 
probably largely due to breakdown of igneous mafic minerals.  At stratigraphically deep to 
intermediate levels sodic-calcic alteration resulted in addition of sodium and magnesium and 
depletion of potassium.  Interestingly arsenic was added to rocks during both the sodic and sodic-





























Figure 4.22: a) Molar ratio plot of K/Al vs. Na/Al and integrating copper contents of the samples 
(given by size of data points).  The data include a range of alteration styles.  Samples with calcic 
(K/Al < 0.1) and hydrolytic (K/Al >0.1) alteration assemblages show the highest copper 
contents. The largest data point represents 1% Cu while the smallest data points represent 1ppm 
copper.  b) Molar ratio plot of Ca/Al vs. Na/Al and integrating copper contents of the samples 
(given by size of data points). Samples with hydrolytic alteration assemblages and higher Cu 























































Figure 4.23: Molar ratio diagram utilizing K/Al vs. Na/Al and integrating copper contents of the 
samples (given by size of data points) for a data set that includes mineralized samples (Table 
4.3).  The plot clearly demonstrates the relationship of copper content with low sodium values.  
It also indicates that the majority of well mineralized samples come from samples that contain 
hydrolytic alteration assemblages (K/Al >0.1). The largest data point represents 5% Cu while the 
smallest data points represent 1 ppm copper.  
 
Element mobility has also been studied in albitized rocks related to IOCG mineralization 
in the Cloncurry district of the Australia (Oliver et al., 2004). The data indicate the addition and 
loss of the same elements observed in albitized rocks at El Espino district. At Cloncurry, Na was 
added to the rock and Fe, K, Ba, Co, Pb, and Zn (among other elements) were depleted.  
Potassic alteration in the El Espino district affected a relatively restricted area, but 
occurred from relatively deep to relatively high stratigraphic levels. In terms of timing, it 
occurred after early sodic alteration but was locally synchronous with sodic-calcic and calcic 
alteration. Potassic alteration zones do not always display a close spatial relationship to sodic, 
sodic-calcic, and calcic alteration zones (Figure 4.3).  The spatial and temporal distribution of 




















from a fundamentally different hydrothermal fluid source.  Potassic alteration caused enrichment 
in potassium and a limited suite of other elements including lead, probably incorporated in 
potassium feldspar, arsenic, rubidium, and uranium (Figure 4.24).  Like the sodic alteration event 
it resulted in leaching of copper, cobalt, and vanadium.  The potassic event also caused net loss 
in iron, magnesium, manganese, phosphorous, and titanium indicating the breakdown of mafic 
minerals and apatite.  
At the Ernest Henry IOCG deposit in the Cloncurry district K-Fe (biotite-magnetite) and 
K-feldspar altered zones are also enriched in K, Rb, U and As. Unlike El Espino, these K-
feldspar altered zones are enriched in Fe and other metals (Mark et al., 2006). 
The calcic alteration zone forms the core of the large-scale alteration system in the El 
Espino district (Figure 4.3).  It postdates sodic alteration but is probably gradational in time and 
space with sodic-calcic, and locally potassic, alteration.  Geochronological data (Lopez et al., in 
review b) indicate that calcic alteration was synchronous with intrusive magmatic activity in the 
district.  Calcic altered rocks display enrichment in magnesium and phosphorous (Figure 4.24). 
Calcium is enriched relative to previous sodic alteration.  Like sodic and sodic-calcic alteration, 
the calcic event resulted in depletion of potassium.  Mapping and petrographic evidence indicates 
that calcic alteration was associated with both iron oxide and copper sulfide precipitation.  
However, only at the end of the calcic alteration stage, does isocon analysis show significant iron 
enrichment with precipitation of iron oxides, probably occurring during replacement of actinolite 
by chlorite. Reduced sulfur was introduced during calcic alteration.  Sulfur isotopic compositions 
of the sulfides associated with calcic alteration assemblages suggest the sulfur could have been 
magmatic (Lopez et al., in review a).  
Hydrolytic alteration assemblages in the El Espino district occur along faults and veins 
(Figure 4.3).  They are best developed at medium to high stratigraphic levels.  Although many 
hydrolytic zones cut rocks that were previously sodic, sodic-calcic, or calcic altered, some 
hydrolytic alteration zones occur in relatively unaltered rocks (Figures 4.3, 4.5).  Hydrolytic 
alteration resulted in enrichment of potassium and depletion of calcium and sodium (Figure 
4.15).  Calcium in hydrolytic altered rocks occurs primarily in calcite, which suggests that the 
fluids responsible for this alteration carried carbon dioxide. Silica, potassium, and phosphorous 
were enriched during hydrolytic alteration resulting in the precipitation of quartz, sericite-illite, 
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and apatite.  The hydrolytic assemblage also resulted in the introduction of reduced sulfur as 
shown by the petrography. A diverse suite of metals was precipitated along with hydrolytic 
assemblages.  Iron is the most prominent and occurs in iron oxides and some sulfides.  The 
complete suite of metals depleted during earlier alteration events, with the exception of barium, 
rubidium, and vanadium, were fixed in the hydrolytic alteration assemblage.  Sulfur isotopic 
compositions of sulfides in hydrolytic assemblages indicate several potential sulfur sources and 
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Figure 4.24: Summary of element concentration gains (red) and losses (blue) for the different 
alteration stages (compared to least-altered rocks) in the Espino district derived from isocon and 
molar ratio analysis.  The grey fields represent elements that display little change with alteration. 
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Alteration distribution and paragenesis for the early and late alteration stages in the El 
Espino district is similar to that seen in the Manto Verde district (Benevides et al., 2009). Both 
districts show regional albitization and then local hydrolytic alteration related to economic iron 
oxide and sulfide mineralization. However, at Manto Verde potassium and iron enrichment was 
extensive and involved sodium depletion. In the El Espino system potassium enrichment 
occurred only locally and involved depletion of most of major elements (MgO, Fe2O3, CaO, 
P2O5, and TiO2) whereas Na2O was conserved. More restricted potassic-calcic altered areas in the 
El Espino district that are relatively depleted in Na2O relative to regional sodic and sodic-calcic 
alteration most resemble the K and Fe metasomatism stage in the Manto Verde district 
(Benevides et al., 2009).  The calcic stage at El Espino, dominated by actinolite, epidote, iron 
oxides, and sulfides, appears to be absent in the Manto Verde district.  
Molar element ratio plots of K/Al, Ca/Al, and Na/Al show that there is a transition 
between sodic-calcic and calcic alteration because calcic altered rocks are depleted in sodium, 
whereas sodic-calcic altered rocks are enriched in sodium.  Hydrolytic altered rocks are always 
depleted in sodium, may be depleted in calcium, and are always enriched in potassium as a result 
of the replcement of albite and actinolite by sericite and chlorite, respectively. Benavides et al., 
(2009) demonstrated that destruction of feldspars involved sodium depletion in the Manto Verde 
IOCG district. They utilized variations of the ratios Na/Al and K/Al to define an alteration index 
that allowed vectoring towards either K-enrichment zones or hydrolytic alteration zones.  
However, molar ratio analysis at Manto Verde was unable to distinguish hydrothermally altered 
rocks from those that had undergone low-grade regional metamorphism; isotopic analysis was 
required to differentiate the type types of alteration (Benavides et al., 2009). Urqueta et al. 
(2009) were more successful at discriminating a hydrolytic alteration overprint on regional 
propylitic alteration in a porphyry system using an alteration index based on molar ratio analysis. 
They demonstrated that potassium enrichment occurred during potassic alteration, and that 
calcium and sodium depletion occurred during the sericitic and argillic stages of alteration. 
The paragenetic sequences in the El Espino and Candelaria-Punta del Cobre IOCG 
districts are distinct. The iron oxide and sulfide stages are related to calcic-potassic alteration 
zones at Candelaria and the stratigraphically deep levels of the adjacent Punta del Cobre district 
(Marschik and Fontbote, 2001).  At intermediate levels iron oxides and sulfides are temporally 
related to potassic alteration.  However, in terms of major element mobility, El Espino and 
 104 
Candelaria-Punta del Cobre are quite similar (Marschik and Fontbote, 2001). In both districts 
sodic alteration involved sodium and magnesium enrichment, potassic alteration resulted in 
potassium enrichment, and calcic alteration involved calcium and magnesium enrichment and 
sodium and potassium depletion.  
The paragenetic sequence and alteration patterns at El Espino and the Raul- Condestable 
district in Peru (de Haller, 2006) are similar. At Raul-Condestable the calcic alteration zone is 
developed in a volcanic and sedimentary sequence and grades upward into a hydrolytic zone and 
outward into a sodic-calcic zone. In both districts iron oxide and sulfide mineralization are 
related to calcic and hydrolytic alteration (de Haller et al., 2006).  The potassic core described at 
Raul-Condestable is either weakly developed or not exposed in the El Espino district. Element 
mobility for the calcic stage at Raul de Condestable shows calcium, iron and magnesium 
enrichment and potassium depletion (de Haller, 2006)., all of them consistent with El Espino 
calcic alteration  
Conclusions 
Mass balance analysis of rock samples from the El Espino IOCG district in Chile 
indicates elemental gains and losses through time. Isocon and molar element ratio plots allowed 
comparison of unaltered and altered igneous and sedimentary rocks from the district. Altered 
samples were differentiated by their alteration sequence. Isocon analysis allowed determination 
of elemental gains and losses for end member alteration stages in homogeneous igneous rocks. 
Molar element ratio analysis allowed discrimination of alteration types and showed mobility 
trends of several elements for a broader suite of host rocks. Early sodic alteration deep in the 
hydrothermal system resulted in enrichment of sodium and depletion of iron, magnesium, 
potassium, copper, and other metals. Subsequent potassic alteration from deep to shallow levels 
resulted in enrichment of potassium and depletion of calcium, iron, manganese, magnesium, 
phosphorus, and titanium. Heavy metals do not appear to have been affected as much by this 
alteration event. Sodic alteration grades into a more spatially restricted calcic alteration 
concentrated at deep and intermediate levels. Calcic alteration resulted in enrichment of calcium 
and magnesium and depletion in potassium. Isocon analysis of calcic alteration assemblages 
shows enrichment in base metals at a late stage preceding the hydrolytic event. Such enrichment 
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is more evident in the molar element ratio analysis and regional mapping. Late hydrolytic 
alteration at intermediate to higher levels within the zoned hydrothermal system resulted in 
enrichment of potassium and depletion of calcium and sodium as a result of the destruction of 
feldspar and actinolite to form sericite and chlorite, respectively. Silica, potassium, and 
phosphorous were enriched during hydrolytic alteration and resulted in the precipitation of 
quartz, sericite-illite, and apatite. The complete suite of metals leached during earlier alteration 
events, with the exception of barium, rubidium, and vanadium, were fixed in the hydrolytic 
alteration assemblage. Petrographic and lithochemical mass balance analyses indicate that early 
alteration events leached elements at deep levels that were subsequently fixed higher in the 
stratigraphic sequence during the waning stages of hydrothermal alteration. The data thus 
support large-scale element mobility (both depletion and enrichment), in forming the alteration 





The El Espino mining district is characterized by several mineralized bodies the largest of 
which is the El Espino deposit which has a measured plus indicated geologic resource of 145 Mt 
@ 0.55% Cu and 0.22 g/t Au. Mineralized bodies are distributed in a 7 x 10 km
2
 area and range 
in geometry from single veins to stockworks and breccias to manto-type deposits. The ore bodies 
are hosted primarily by volcanic, volcaniclastic, and sedimentary rocks of the Early Cretaceous 
Arqueros and Quebrada Marquesa formations, with a few mineralized zones within the Late 
Cretaceous multi-phase Llahuin pluton. Both the Llahuin pluton and the El Espino IOCG system 
were localized within a dilatational jog along a major transtensional north-south fault system that 
also controlled the distribution of alteration and mineralization.  
Sodic alteration (albite) is the most external, deep and extensive style of alteration in the 
district and grades into sodic-calcic (epidote-albite) and a more spatially restricted calcic 
alteration assemblages (actinolite-epidote) displaying a zoned pattern around the Llahuin Pluton. 
Significant iron oxides are associated with calcic alteration assemblages.  Potassic alteration (K-
feldspar) is relatively restricted in extent and does not always display a close spatial relationship 
to sodic, sodic-calcic, and calcic alteration zones.  It occurs from relatively deep stratigraphic 
positions to relatively high in the stratigraphy and locally affects some of the phases of Llahuin 
plutonic suite. It postdates early sodic alteration but is locally apparently synchronous with 
sodic-calcic and calcic alteration. The spatial and temporal distribution of potassically-altered 
zones perhaps suggests that this style of alteration resulted from fluids derived from a 
fundamentally different hydrothermal fluid source than sodic alteration. The upper portions of 
the alteration system display hydrolytic alteration assemblages (chlorite-sericite-quartz) with 
abundant hematite.   Hydrolytic veins are feeders to a zone of manto-type alteration and 
mineralization within favorable volcano-sedimentary lithologies in the El Espino deposit. 
Sulfides (pyrite and chalcopyrite) are largely confined to calcic and hydrolytic alteration 
assemblages.  
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Ar data indicate that hydrothermal alteration was 
coeval with magmatic intrusive activity. One particular dioritic intrusion (88.5 Ma) preceded the 
calcic stage (88.4 Ma) which was accompanied by iron oxide copper and gold mineralization. 
Hydrolytic alteration, related to economic iron oxide copper and gold mineralization, came 
immediately after at 87.9 Ma.  
Fluid inclusion studies yielded pressure corrected homogenization temperatures of 350 to 
425
o
C. Salinities were between 32 and 34 wt% NaCl equivalent.  Pressure was estimated of 700-
1000 bars for a saline brine, corresponding to a minimum depth of formation of roughly 3-4 km, 
consistent with the estimated thickness of the Late Cretaceous lithostatic load in the area. 
Sulfur isotopes suggest the early high temperature fluids related to calcic alteration were 
magmatically derived while later, cooler fluids related to hydrolytic alteration were mixed with 
marine-derived sulfate. Although the source of the hydrothermal fluids remains enigmatic, the 
close spatial and temporal association of well-altered zones with generally intermediate 
composition intrusions suggests that Llahuin plutonic suite (including possible unexposed 
plutons) probably provided heat and contributed fluid and sulfur to the hydrothermal system that 
produced the iron oxide copper and gold mineralization. 
Mass balance analysis indicates significant elemental gains and losses through the alteration 
sequence. Early sodic alteration deep in the hydrothermal system added sodium and leached iron, 
magnesium, potassium, copper, and other metals. Potassic alteration at deep to intermediate 
levels resulted in potassium gain and loss of calcium, iron, manganese, magnesium, phosphorus, 
and titanium. Heavy metals do not appear to have been affected as much by this alteration event. 
 Calcic alteration followed both sodic and potassic alterations, and was concentrated at 
intermediate depths. Calcic-altered rocks display enrichment in calcium as well as magnesium 
and depletion in potassium. Calcic alteration assemblages show enrichment in iron oxides and 
base metals late during the stage preceding the hydrolytic stage. Late hydrolytic alteration at 
intermediate to higher stratigraphical levels within the zoned hydrothermal system resulted in 
loss of calcium and sodium. Silica, potassium, and phosphorous were added during hydrolytic 
alteration and resulted in the precipitation of quartz, sericite-illite, and apatite. The complete 
suite of metals leached during earlier alteration events, with the exception of barium, rubidium, 
and vanadium, were fixed in the hydrolytic alteration assemblage. Lithochemical mass balance 
analyses indicate that early and deep alteration events leached elements that were fixed at 
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relatively later times higher in the stratigraphic sequence. The data thus support large-scale 
element mobility (both depletion and enrichment), in forming the alteration zones characteristic 
of IOCG deposits and indicate that metals leached from deep in the system may be fixed high in 
the system during the waning stages of hydrothermal alteration. 
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This section includes a geological map of El Espino mining district at scale 1:20,000. 
This map was the result of regional mapping in the district during the austral winters of 2004 and 
2005. This map is a more complete version of the geological map shown on Figures 2.3, 3.3 and 
4.1 in the main body of the thesis. The geological map includes lithology, structure, topography, 
UTM coordinates and mine locations.  
 
Geological map Image file (geology_20k.BMP) that shows the 
geology of the district at a 1:20,000 scale. 
 
 
